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PREFACE TO SECOND EDITION

After using this book for four years as a text in teaching Elec-
trical Design at Purdue University, the writer believes that,
although few types of machines have been dealt with, no advan-
tage would be gained by introducing designs of other dynamo-
electric machines such as induction motors or rotary converters.

The book is intended mainly for the use of students following
courses in Electrical Engineering, and since the application of
fundamental laws to the practical problems of the engineer can
be adequately illustrated by the few examples which have been
selected, there would appear to be no reason for adding new
material in the form of additional design problems.

The revision covers many minor alterations which are mainly
corrections of errors which have crept into the first edition; but
the method of deriving the formula for the flux cut by the short-
circuited coil during commutation has been modified, and a new
treatment has also been introduced in connection with the arma-
ture m.m.f. in alternating current generators. Two or three new
cuts have been made to replace those in the first edition which
it was thought might be modified with advantage.

Pourpve University, IND.,
January, 1921.
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"PREFACE TO FIRST EDITION

This book is intended mainly for the use of students following
courses in Electrical Engineering, and for this reason emphasis is
laid on fundamentals and principles of general application, while
but little attention is paid to the needs of the practical designer,
who may be trusted to devise his own time-saving methods of
calculation, provided always that he has a thorough understand-
ing of the essentials governing all electrical design.

The writer is a firm believer in the advantage of having a
concrete mental conception of the hidden actions which produce
visible or measurable results,.and in studying the electromotive
forces developed in the windings of electric generators, he con-
sistently represents the effects as being due to the cutting by the
conductors of imaginary magnetic lines.

No attempt has been made to deal adequately with the me-
chanical principles involved in the design of electrical machinery.
Thus as a reference book for the designer, this text is admittedly
incomplete. It is incomplete also as a means of giving the stu-
dent what he is supposed to get from a course in electrical design,
for the simple reason that no art can be mastered by the mere
reading of a book. In this as in every other study, all that is
worth having the student must himself acquire by giving his
mind to the business on hand and taking pains. The book cannot
do more than serve as a reference text or the basis for a course
of lectures; and for every hour of book study, four to six hours
should be spent in the actual working out of practical designs.

The writer has ventured to express some views regarding the
qualifications of the successful designer in an introductory chap-
ter where he believes they are less likely to remain permanently
buried than if embodied in a preface of unconventional length.
At the same time he does not claim that the procedure here
adopted is such as will meet the requirements of the professional
designer; but in criticising the book, it is important to bear in
mind that its main object is to illustrate the logical application
of known fundamental principles, and so help the reader to

realize the practical value of theoretical knowledge. It is not to
vii



viii PREFACE

be supposed for a moment that an experienced designer can afford
the time required to- work through the detailed design sheets as
here given in connection with the numerical examples; but, apart
from the fact that he generally makes use of existing patterns
and stampings, in connection with which he has at hand a vast
amount of accumulated data, he is in a position to apply short-
cut methods to his work. Thisis not readily done by the student,
who usually lacks the experience, judgment, and sense of propor-
tion, without which “rule of thumb” methods and rough ap-
proximations cannot be applied intelligently.

Portions of the material here presented have appeared recently
in articles and papers contributed by the writer to the ¢ Elec-
trical World,” the Journal of the Franklin Institute, and the
Journal of the Institution of Electrical Engineers; but what has
been borrowed from these publications has to a large extent been
rewritten.

The thanks of the writer are also due to Mr. D. L. Curtner,
not only for assistance in reading and correcting proofs; but
also for valuable suggestions and helpful criticism.

LaFAYETTE, IND.,
June, 1916.
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A = area of cross-section; area of surface.
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R = magnetic reluctance (oersted).
R’ = resistance between opposite faces of an inch cube of copper
(ohm). :
R, = brush contact resistance per square inch of contact surface.
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= power—watts.

= width of brush (circumferential).
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impedance (ohm).
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deflection of shaft (inches).
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= permeability = B/H.
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= total slot leakage flux.
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= internal power-factor angle.
= “apparent’’ internal power-factor angle.
= 2xf
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PRINCIPLES
OF ELECTRICAL DESIGN

CHAPTER I
INTRODUCTORY

By devoting a whole chapter to introductory remarks and
generalities which are rarely given a prominent place in modern
technical literature, the author hopes not only to explain the
scheme and purpose of this book, but to show what may be
gained by an intelligent study of the conditions to be met, and
the difficulties to be overcome, by the designer of electrical
machinery.

The knowledge required of the reader includes elementary
mathematics, the use of vectors for representing alternating
quantities, the principles of electricity and magnetism, and
some familiarity with electrical apparatus and machinery,
such as may be acquired in the laboratories of teaching institu-
tions equipped for the training of electrical engineers, or in the
handling and operation of electrical plant in manufacturing
works and power stations. The principles of the magnetic
circuit will be explained here in some detail, because the whole
subject of generator design from the electrical standpoint is
little more than a practical application of the known laws of
the electric and magnetic circuits; but a fair knowledge of the
physics underlying the action of electromagnetic apparatus is
presupposed.

The conception of the magnetic circuit consisting of closed
lines or tubes of induction linked with the electric circuit—
involving the cutiing of these magnetic lines by the conductors
in which an e.m.f. is generated—is unquestionably a useful one
for the practical engineer; and the student should endeavor to
form a mental picture of these imaginary magnetic lines in
connection with every piece of electrical apparatus or machinery
which he desires to understand thoroughly.

1



2 PRI N CIPLE’S OF ELE C' TRICAL DESIGN

Havmg clearIy reahzed “the general shape and distribution
of the magnetic field surrounding a conductor or linked with a
coil of wire carrying an electric current, the next step is to cal-
culate with sufficient accuracy for practical purposes the quantity
of magnetic flux produced by a given current; or the e.m.f.
developed by the cutting of a known magnetic field. This leads
to the consideration of units of measurement.

The practical units of the C.G.S. system will be used so far as
possible; but since engineers of English-speaking countries still
prefer the foot and inch for the measurement of length, there
must necessarily be a certain amount of conversion from centi-
meter to inch units, and vice versa. This may, at first sight,
appear objectionable; but, in the opinion of the writer, there is
something to be gained by having to transform results from one
system of units to another. The process helps to counteract
the tendency of mathematically trained minds to lay hold of
symbols and- formulas and treat them as realities, instead of
striving always to visualize the physical (or natural) reality
which these symbols stand for. The same may be said of such
alphabetical letters as are in general use to denote certain physical
quantities or coefficients; as p for permeability, and L for the
coefficient of self-induction. Familiarity with these symbols
. tends to obscure -the physical meaning of the things they stand
for; and although uniformity in the use of symbols in technical
literature cannot be otherwise than advantageous,! the use of
unconventional symbols involves their correct definition, and
for this reason their occasional appearance in writings that are
professedly of an instructional nature should not be condemned.
This point is made here to emphasize the writer’s conviction
that the student should endeavor to regard symbols and mathe-
matical analysis as convenient means to attain a desired end;
and that he should cultivate the habit of forming a concept or
mental image of the physical factors involved in every problem,
even during the intermediate processes of a calculation, if this
can be done.

By way of illustrating the application of fundamental magnetic
principles, the design of electromagnets will be taken up before
considering the magnetic field of dynamos. This preliminary
study should be very helpful in paving the way to the main
subject; and the chapter on magnet design has been written with

1 A list of the symbols used will be found at the beginning of this book.



INTRODUCTORY | 3

this end in view: it does not treat of coreless solenoids or magnetic -
mechanisms with relatively long air gaps; because the air clear-
ance is always small in dynamo-electric machinery.

In the method of design as followed in this book, an attempt is
made to base all arguments on scientific facts, and build up a
design in a logical manner from known fundamental principles.
This is admittedly different from the method followed by the
practical designer, who uses empirical formulas and “short
cuts,” justified only by experience and practical knowledge.
It must not, however, be supposed that a commercial machine
can be designed without the aid of some rules and formulas
which have not been developed from first principles, for the
simple reason that the factors involved are either so numerous
or so abstruse that they cannot all be taken into account when
deriving the final formula or equation. In any case the con-
stants used in all formulas, even when developed on strictly
scientific lines, are invariably the result of observations made on
actual tests; and many of them, such as the coefficients of fric-
tion, magnetic reluctance, and eddy-current loss, are subject to
variation under conditions which it is difficult to determine.
The formulas used in design are therefore frequently empirical,
and they yield results that are often approximations only; but
an effort will be made to explain, whenever possible, the scientific
basis underlying all formulas used in this book.

A perception of the fitness of a thing to fulfil a given purpose
and of the relative importance of the several factors entering
into a problem, is essential to the successful designer. This
quality, which may be referred to as engineering judgment, is
not easily taught; it grows with practice, and is strengthened by
the experience gained sometimes through repeated failures;
but it is necessary to success in engineering work, whether this
is of the nature of invention and designing, or the surmounting
of such obstacles and difficulties as will arise in every branch of
progressive engineering. All the conditions and governing factors
are not accurately known at the outset, and a good designer is
able to make a close estimate or a shrewd guess which, in nine
cases out of ten, will give him the required proportion or dimen-
sion; he will then apply tests based upon established scientific
principles in order to check his estimate, and so satisfy himself
that his machine will conform with the specified requirements.
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A knowledge of the theory and practice of design, the thorough-
ness of which must depend upon the line of work to be ultimately
followed, would seem to be of great importance to every engineer.
It may not be of great benefit to all men in the matter of forming
judgment and developing ingenuity or inventiveness; but it
will at least help to bridge the gap between the purely academic
and logically argued teachings of the schools, and the methods of
the practical engineer, who requires results of commercial value
quickly, with sufficient, but not necessarily great, accuracy, and
who usually depends more upon his intuition and his quickness
of perception, than upon any logical method of reasoning.

It must not be thought that these remarks tend to belittle or
underrate the method of obtaining results through a sequence of
logically proven steps; on the contrary, this is the only safe
method by which the accuracy of results can be checked, and it is
the method which is followed, whenever possible, throughout
this book. It is not by the reading of any book that the art of
designing can be learned; but only by applying the information
gathered from such reading to the diligent working out of
numerical examples and problems.

Although the work done in the drafting room is not necessarily
designing, it does not follow that the designer need know nothing
about engineering drawing. The art of making neat sketches
or clear and accurate drawings of the various parts of a machine,
is learnt. only by practice; yet every engineer, whatever line of
work he may follow, should be able not only to understand and
read’ engineering drawings, but to produce them himself at need.
It is particularly important that he should be able to make neat
dimensioned sketches of machine parts, because, in addition to
the practical value of this accomplishment, it is an indication
that he has a clear conception of the actual or imagined thing,
and can make his ideas intelligible to others. Clear thinking is
absolutely essential to the designer. He must be able to visualize
ideas in his own mind before he can impart these ideas to others.
Young men seldom realize the importance of learning to think,
neither do they know how few of their elders ever exercise their
reasoning faculty. The man who can always express himself
clearly, either in words or by sketches and drawings, is invariably
one whose thoughts are limpid and who can therefore realize a
clear mental picture of the thing he describes. The ability to
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““see things’’ in the mind is an attribute of every great engineer.
Vagueness of thought and mental inefficiency are revealed by
untidy and inaccurate sketches, poor composition and illegible
writing. It is, however, possible to train the mind and greatly
increase its efficiency by developing neatness and accuracy in
the making of sketches, and by the study of languages.

The knowledge of foreign languages has an obvious practical
value apart from its purely educational advantage, but the study
of English, for the engineer of English-speaking countries, is of
far greater importance. By enlarging and enriching one’s
vocabulary through the reading of high class literature, and by
paying constant attention to the correct meaning of words and
their proper connection in spoken and written language, the
clearness of thought important to every engineer, and essential
to the designer, may be cultivated to an extent which the average
student in the technical schools and engineering universities
entirely fails to recognize. In an address delivered on April 8,
1904, to the Engineering Society of the University of Nebraska,
Dr. J. A. L. WADDELL said,

“Too much stress cannot well be laid on the importance of a thorough
study of the English language. Given two classmate graduates of equal
ability, energy, and other attributes contributary to a successful career,
one of them being in every respect a master of the English language
and the other having the average proficiency init, the formeris certain to
outstrip the latter materially in the race for professional advancement.”

Considering further the difference between the training re-
ceived by the student in the schools and the training he will
subsequently receive in the world of practical things, it must
be remembered that the object of technical education is mainly
to develop the mind as a thinking machine, and provide a good
working basis of fundamental knowledge which shall give weight
and balance to all future thinking. The commercial aspect of
engineering is seen more clearly after leaving school because it
is not easily taught in the class room. The student does not,
therefore, get a proper idea of the value of time. Engineering
is the economical application of science to material ends, and if
the items of cost and durability are omitted from a problem, the
results obtained—however important from other points of view
—have no engineering value. The cost of all finished work,
including that of the raw materials used in construction, is the
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cost of labor. Provided the work is carefully done, the element
of time becomes, therefore, of the greatest importance. A
student in a technical school may be able to produce a neat and
correct drawing, but the salary he could earn as a draughtsman
in an engineering business might be very small because his rate
of working will be slow. The designer must always have in
mind the question of cost, not only material cost—which is
fairly easy to estimate—but also labor cost, which depends on
the size and complication of parts, accessibility of screws and
bolts, and similar factors. These things are rarely learned
thoroughly except by actual practice in engineering works, but
the student should try to realize their importance, and bear
them in mind. A study of design will do something toward
teaching a man the value of his time. Thus, although it is
important to check and countercheck all calculations, and time
80 spent is rarely wasted, yet it is essential to know what degree
of approximation is allowable in the result. This is a matter of
judgment, or a sense of the absolute and relative importance of
things, which is developed only with practice. What is worth
doing, what is expedient, and what would be mere waste of time,
may be learned surely, if slowly, by the study and practice of
machine design.

It is by taking on responsibilities that confidence and self-
reliance are developed; and the student may work out examples
in design by following his own methods, regardless of the par-
ticular practice advocated by a book or teacher. He can usually
check his results and satisfy himself that they- are substantially
correct. This will give him far more encouragement and
satisfaction than the blind application of proven rules and for-
mulas. By making mistakes—that are irequently due to
oversights or omissions—and by having to go over the ground a
second or third time in order to rectify them, an important
lesson is learned, namely, that one must resist the tendency to
jump at conclusions. The necessity of checking one’s work,
and proceeding systematically by doing at the right time and in
the right place the particular thing that should be done before
all others, is of great value in developing one of the most im-
portant qualifications of the engineer. This has already vaguely
been referred to as engineering judgment, a sense of proportion,
seeing the fitness of things; but all these are allied, if not actually
identical, with the one faculty of inestimable value known as
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common sense, so called—according to the definition of a witty
Frenchman—because it is the least common of the senses.

It should be realized clearly that the true designer is a maker,
not an imitator. The function of the designer is to create. His
value as a live factor in the engineering world will increase by
just so much as he rises above the level of the mere copyist.
The man who can see what has to be done, and how it may be
done, is always of greater value than the man who merely does a
thing, however skilfully, when the manner of doing it has been
explained to him.

In addition to a sound knowledge of engineering principles
and practice, a designer should preferably have a leaning toward
original investigation or research work. He should not be bound
by the trammels of convention, nor discouraged by the ground-
less belief that what has been done before has necessarily been done
rightly. On the contrary, he should assert his personality, and
have the courage of his own opinions, provided these are based,
and intelligently formed, on established fundamental principles,
the truth and soundness of which are undeniable.

If the chief function of the designing engineer is to create,
the cultivation of the imagination is obviously of the utmost
value. This is a point that is frequently overlooked. In other
creative arts, such as poetry and painting, intuition and a fertile
imagination are considered essential to success, and there can be
no valid reason for undervaluing the possession of these qualities
by the engineer. The work of the designer is artistic rather
than purely scientific; that is to say it requires skill and ingenuity
in addition to mere knowledge. Without a sound basis of
engineering knowledge, the designer is not likely to succeed, -
because his conceptions, like those of many so-called inventors,
would have no practical application; but it is also true that the
great designers, even of mechanical and electrical machinery, do
not always understand why they have done a certain thing in a
certain way. They work by intuition rather than by methods
that are obviously logical, but their early training and thorough
knowledge of engineering facts and practice act as a constant
and useful check, with the result that they rarely make mistakes
of serious importance. -

It is not suggested that the exalted moods and “inspired
imaginings’’ of the poet or artist would be of material advantage
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to the practical engineer; but the present writer wishes to state,
most emphatically, that, in his opinion, the average engineer
does not rate imagination at its proper value, neither does he
cultivate it as he might, did he realize the advantages—if only
from a grossly commercial standpoint—that would  thereby
accrue. There is to-day a tendency to underestimate the
value of abstract speculation and the pursuit of any study
or enterprise of which the immediate practical end is not obvious.
The fact that the indirect benefit to be derived therefrom may,
and generally does, greatly outweigh the apparent advantages
of so-called utilitarian lines of study, is generally overlooked.
It is an admitted fact that the outlook of the graduate from
many of the engineering schools is narrow: this is no doubt
largely due to faults in the system and the teachers; but the
student himself is apt to neglect his opportunities for the study
of subjects such as general literature, languages, history, and
political economy, on the plea that he would be wasting his time.
It is only at a later period of his engineering career that he
begins to realize how an intelligent and appreciative study of
these broader subjects would have stimulated his mind and
cultivated his imagination to a degree which would be a great
and lasting benefit to him in his profession.

It is unfortunate that neither the nature of the subject nor the
manner in which it is presented in the following chapters is
likely to stimulate the imaginative faculty; but the writer be-
lieves that no apology is needed for referring in this chapter to
subjects outside the scope of the main portion of the book.
In presenting fundamental principles and showing how they may
be applied to the design of machines, it is necessary to arrange
the matter in accordance with some logical scheme; and it is
just because a book such as the present one cannot give, and
does not claim to give, all that goes to the making of a designing
engineer, that it was deemed advisable to say something of
a general nature relating to the art of designing electrical
machinery.

The principles underlying the action of dynamo-electric
machinery may be studied under two main headings:

1. The magnetic condition due to an electric current in a
conductor or exciting coil.

2. The e.m.f. developed in a conductor due to changes in
the magnetic condition of the surrounding medium.






CHAPTER 11
THE MAGNETIC CIRCUIT—ELECTROMAGNETS

In all dynamo-electric machinery, coils of wire carrying electric
currents produce a magnetic field in the surrounding medium—
whether air or iron—and the purport of this chapter is to show
how the magnetic condition due to an electric current can be
determined within a degree of accuracy generally sufficient for
practical purposes.

The design of the magnetic circuit of dynamo-electric genera-
tors does not differ appreciably from the design of electromagnets
for lifting or other purposes, and it is, therefore, proposed to
consider, in the first place, the fundamental principles and
calculations involved in proportioning and winding electro-
magnets to fulfil specified requirements. Particular attention
will be paid to types of magnets with small air gaps because these
serve to illustrate the conditions met with in field-magnet design,
and the principles of the magnetic circuit can be applied with
but little difficulty; while, in the case of coreless solenoids or
magnets with very large air gaps, the paths of the magnetic flux
cannot readily be predetermined, and empirical formulas or
approximate methods of calculation have to be used. When the
magnetic ecircuit is mainly through iron, and the air gaps are
comparatively short, it is generally possible to picture the lines
or tubes of magnetic flux linking with the electric circuit, thus
facilitating the quantitative calculation of the flux at various
parts in the circuit; but when the path of the magnetic lines
is largely through air or other ‘“non-magnetic’” material, the
analogy between the magnetic and electric circuits is less con-
venient and may indeed lead to confusion; the quantitative
calculations become more difficult and less scientific, calling for
an experienced designer if results of practical value are desired.

1. The Magnetic Circuit.—Without dwelling on the mathe-
matical conceptions of the physicist, which may be studied in
all books on magnetism, it may be stated without hesitation
that the analogy between the magnetic and electric circuits,
and the idea of a closed magnetic circuit linked with every electric

10
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circuit, will be most useful to the designer of electrical machinery.
The magnetic flux is thought of as consisting of a large number of
tubes.of induction, each tube being closed upon itself and linked
with the electric circuit to which the magnetic condition is
due. The distribution of the magnetic field will depend upon the
shape of the exciting coils, and upon the quality, shape, and
position, of the iron in the magnetic circuit. The amount of
the magnetic flux in a given magnetic circuit will depend upon
the m.m.f. (magnetomotive force) and therefore on the current
and number of turns of wire in the exciting coils.

OnMm’s law for the electric circuit can be put in the two forms:,

e.m.f. E
(a) Current = oo gy orl = i)

() Current = e.m.f. X conductance, or I = E X (I%)

Similarly, in the magnetic circuit: !
magnetomotive force
magnetic reluctance

(a) Magnetic flux of induction =

or
m.m.f.
ol L
(b) Magnetic flux = magnetomotive force X permeance
or ® = m.m.f. X P 2

In this analogy, ® is the total flux of induction, usually ex-
pressed in C.G.S. lines, or mazwells; m.m.f. is the force tending
to produce the magnetic condition—expressed in ampere-turns
(the engineer’s unit) or in gilberts—the C.G.S. unit; and reluctance
is the magnetic equivalent of resistance in the electric circuit.
It is necessary to bear in mind that although these are funda-
mental formulas of the greatest value in the calculation of mag-
netic circuits, yet they are based on an analogy which, with
all its advantages, has its limitations. The chief difference
between Omm’s law of the electric circuit and the analogous
expression as applied to the magnetic circuit lies in the fact that
the magnetic reluctance does not depend merely upon the
material, length, and cross-section, of the various parts of the
magnetic circuit, but also—when iron is present—on the amount
of the flux, or, more properly, on the flux density, which is an
important factor in the determination of the permeability (u).
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2. Definitions.—Magnetomotive Force.—The difference of mag-
netic potential which tends to set up a flux of magnetic induction
between two points is called the magnetomotive force (m.m.f.)
between those points. The unit m.m.f.—known as the gilbert—
will set up unit flux of induction between the opposite faces of
a centimeter cube of air. If we consider any closed tube of
induction linked with a coil of S turns carrying a current of
I amperes, the total ampere turns producing this induction are
SI, and the total m.m.f. is,

m.m.f. = % SI gilberts.!

Magnetizing Force.—The magnetomotive force per centimeter
is called the magnetizing force, or magnetic force. The symbol H
is generally used to denote this quantity which is also referred to
as the intensity of the magnetic field, or simply field intensity,
at the point considered. The magnetomotive force is, therefore,
the line integral of the magnetizing force, or,

m.m.f. = 2Hsl

where 6l is a short portion of the magnetic circuit—expressed in
centimeters—over which the magnetizing force H is considered of
constant value. Thus H = (.4r X ampere-turns per centimeter

= 0.41rS—lI or, if it is preferred to use ampere-turns per inch

(not uncommon in engineering work), we may write H = 0.495
(SI per inch). :

! What the practical designer wants to know is the number of ampere-
. 2 £ 4
turns required to produce a given magnetic flux. The factor 1—’6 constantly

enters into magnetic calculations as it is required to convert the engineer’s
unit (ampere-turn) into the C.G.S. unit (gilbert). It should not be neces-
sary to explain its presence here, because this is done more or less lucidly in
most textbooks of physics. It should be sufficient to remind the reader
that the introduction of this factor is due to the physicist’s conception of
the unit magnetic pole which he has endued with the ability to repel a
similar imaginary pole with a force of 1 dyne when the distance between
the two unit poles is 1 em. Now, since, at every point on the surface of a
sphere of 1 cm. radius surrounding a unit magnetic pole placed at the center,
a similar pole will be repelled with a force of 1 dyne, there must be unit flux
density over this surface; that is to say, a flux of 1 maxwell per square centi-
meter. The surface of the sphere being 4 8q. cm., it follows that 4« lines
of flux must be thought of as proceeding from every pole of unit strength.
The factor 10 in the denominator converts amperes into absolute C.G.S.
units of current.
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Magnetic Flur.—The unit of magnetic flux is the mazwell;
it should be considered as a tube of induction having an ap-
preciable cross-section which may vary from point to point. The
expression ‘‘magnetic lines,” which is customary and convenient,
should suggest the center lines of these small unit tubes of in-
duction. The total number of unit magnetic lines through a
given cross-section will be denoted by the symbol &.

Flux Density.—The unit of flux density is the gauss; it is a
density of 1 maxwell per centimeter of cross-section. Thus, if
A is the cross-section, in square centimeters, of a magnetic
circuit carrying a total flux of ® maxwells uniformly distributed
over the section, the flux density is B = ®/A gausses. The
symbol B will be used throughout to denote gausses.

Permeability—What may be thought of as the magnetic
conductivity of a substance is known as permeability and rep-
resented by the symbol u. Unlike electrical conductivity, it
is not merely a physical property of the substance, because—
in the case of iron, nickel, and cobalt—it depends also upon the
flux density. For practical purposes, the permeability of all
substances, excepting only iron, nickel, and cobalt, is taken as
unity. Permeability can, therefore, be defined as the ratio of
the magnetic conductivity of a substance to the magnetic con-
ductivity of air.

Reluctance and Permeance.—Magnetic permeanace is the re-
ciprocal of reluctance; a knowledge -of the permeance of the
various paths is useful when considering magnetic circuits in
parallel, while reluctance is more convenient to use when making
calculations on magnetic paths in series. The reluctance of a
path of unit permeability is directly proportional to its length
and inversely proportional to its cross-section. Thus,

Reluctance of magnetic path in air = ;ll-
Reluctance of magnetic path in iron = ”—f‘i—

If the dimensions are in centimeters, the reluctance will be
expressed in oersteds.
1 pA

Permeance =———— = ——
reluctance l

When calculating reluctance or permeance for use in the fun-
damental formulas (1) or (2) it is important to express all
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dimensions in centimeters; no constants have then to be in-
troduced because, with the C.G.S. system of units,

m.m.f. in gilberts
reluctance in oersteds

The sketch, Fig. 1, shows a (closed) tube of induction linked
with a coil of wire of S turns through which a current of I amperes
is supposed to be passing. This tube of induction consists of a
number of unit tubes or so-called magnetic lines each of which is
closed on itself. It follows that the total flux & is the same
through all cross-sections of the magnetic tube of flux indicated

Flux in maxwells =

Fig. 1.—Tube of induction linked with coil.

in Fig. 1. The cross-section may, and generally does, vary from -
point to point of the magnetic circuit, and since the total flux
& is of constant value, the density B will be inversely proportional
to the cross-section. Thus, at a given point where the cross-
section is 4, square centlmeters the density in gausses is B; =
®/A,.

Turning again to the fundamental formula of the magnetic
circuit, we have,

m.m.f. = flux X reluctance
or :
gilberts = maxwells X oersteds
or

0.4781 = & X (Aml + + etc) 3)

A )

Also, since m.m.f. = magnetizing force X length of path, it is
sometimes convenient to put the above general expression in
the form

0.47x8SI = H1ll + Hzlz + ete. = (4:)
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3. Effect of Iron in the Magnetic Circuit.—Consider a toroid
or closed anchor-ring of iron of uniform cross-section A4 square
centimeters, wound with SI ampere-turns evenly distributed.

Applying the fundamental formula & = m.m.f. X P, we have,

Ap

® = 04xSI X o

in which [ is the average length of the magnetic lines, or #D
centimeters, where D is the average diameter of the ring.

Thus, if u is known, the flux in the ring can be calculated for
any given value of the exciting ampere-turns SI. Since u is a
function of the density B, and B = ®/A4 it may be convenient to
put the above expression in the form

B = 0.4TSI%‘

Also, since m.m.f. (in gilberts) = Hl

B=Hz><§

whence p = % which explains why the permeability is sometimes

referred to as the multiplying power of the iron. Thus, for a
given value of H, the magnetic flux in air will be H lines per
square centimeter of cross-section, but if the air is replaced by
iron, it will be nH or B lines. This accounts for the fact that
H (the magnetizing force, or m.m.f. per centimeter) is also
referred to as the intensity of the magnetic field, or magnetizing
intensity, and, as such, expressed in gausses. This conception
is liable to lead to confusion of ideas; but it is well to bear in
mind that, in air and other ‘“non-magnetic” materials, the
numerical value of B is the same as that of H. -

For a given magnetizing force H (or exciting ampere-turns per
unit length of circuit) the value of the permeability, u, varies
considerably with different kinds of iron; it also depends on the
past history of the particular sample of iron, and will not be the
same on the increasing as on the decreasing curve of magnetiza-~
tion, as indicated by the curve known as the hysteresis loop.
For the use of the designer, careful tests are usually made by the
manufacturer on samples of iron used in the construction of
machines, and curves are then plotted, or tables compiled, based
on the average results of such tests. Curves of this kind have
been drawn in Figs. 2 and 3. The B-H curves of Fig. 2 should
be preferred when the C.G.S. system of units is used in the
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calculations; but so long as engineers persist in expressing linear
measurements in feet and inches, the curves of Fig. 3 will gen-
erally be preferred by the designer. Fig. 4 may be used for high
values of the induction in armature stampings of average
quahty

The value of u is, of course, the ratio between B of Flg 2 and
the corresponding value of H, and curves or tables giving the
relation between u and H could be used; but it is generally more
convenient to read directly off the curves of Figs. 2, 3, or 4, the
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Fig. 4.—Magnetization curve for armature stamplngs (high values of
- induction).

flux density in the iron coresponding to any known value of the
magnetizing force. As a matter of fact, it will be found that
the curves are more frequently used for the purpose of determin-
ing the necessary ampere-turns to produce a desired value of the
flux density.

4, Magnetic Circuits in Parallel—As an illustration of the
fundamental relations existing between magnetic flux and excit-
ing ampere-turns, it will be convenient to work out a numerical
example. A simple case will be chosen of magnetic paths in
series and in parallel, with small air gaps in a circuit consist-
ing mainly of iron, and the effect of any leakage flux through
air paths other than the gaps deliberately introduced will be
neglected.
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The arrangement shown in Fig. 5 is supposed to represent a
steel casting consisting of the magnetic paths (1) and (2) in
parallel, with the common path (3) in series with them. It
will be seen that the paths (1) and (2) are provided with air gaps
and that the exciting coil is on the common limb (3) only.
Paths (1) and (3) have iron in them and the permeance of these
paths will depend upon the density B and therefore on the total
flux ®, and ®;in these portions of the circuit. In regard to path
(2), it also consists mainly of iron, but the cross-section of the
iron has purposely been made large, so that the reluctance of
this path is practically all in the gap; the value of B in the iron
will be very low, u will be large, and the reluctance of this part
of the iron circuit will be considered negligible. The dimensions

/ Ag= 20 5q.inay
® | X |

‘z=- 1”
3 e
20 sq.in.

Ny

of the parts are indicated on the sketch, and the problem to be
solved is the calculation of the necessary ampere-turns in the coil
to produce a given total flux of, say, 1,000,000 maxwells through
the path (1). ' \

The reluctance of path (1) alone consists of the air-gap reluc-
tance in series with the reluctance of the iron limb of length I,
and cross-section A;. Thus,

Fra. 5.—Typical magnetic circuit.

S atl L
2 _AgX1+A1XM1
all dimensions being expressed in centimeters. The only
unknown quantity is u1, and this can be determined because the

flux density in the iron will be

B = % Wil 100,000 maxwells per square inch,

R
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where the index ”’ is added to the symbol B to indicate that inch
units are used and that the density is not expressed in gausses.

Knowing B for a given sample of iron, the value of the per-
meability p can be found, and R; calculated by putting the
numerical values in the above equation. The necessary m.m.f.
for this portion of the magnetic circuit (i.e., path (1) only) is .
&, X R, gilberts. :

The actual procedure would be simplified by using the curves
of Fig. 3 thus: 3

Referring to the upper curve (for steel), the ampere-turns per
inch required to produce a flux density of 100,000 lines per square
inch is seen to be 80, and since the iron portion of path (1)is
25 in. long, the ampere-turns required to overcome the reluctance
of iron only are 80 X 25 = 2,000.

For the air portion of path (1), we have,

m.m.f. = &; X reluctance of air gap
or
0.2 X 2.54
0.4xSI = 1,000,000 X 20 X 6.45
whence

SI = 1,560

The total SI for path (1) are therefore 2,000 4 1,560 = 3,560
or; nS.
m.m.f. = 0.4r X 3,560 = 4,470 gilberts.

Observe now that this m.m.f. is the total force which sets up
the magnetic flux in path (2), or, in other words, it is the differ-
ence of magnetic potential which produces the flux of induction
in the two parallel paths (1) and (2). To calculate the total flux
in path (2) we have,

& = m.m.f. X P,
20 X 6.45
13X 2.54

The total flux in limb (3) under the exciting coil is, therefore,
®; = & + ¥, = 1,227,000. The density in this core is,

B; = L 61,350 lines per square inch.

= 4,470 X = 227,000 maxwells

The necessary ampere-turns per inch (from Fig. 3) are 8, and
the SI for path (3) are 8 X 50 = 400.
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The total ampere-turns required in the exciting coil to produce
a flux of 1,000,000 lines across the air gap in path (1) are there-
fore 3,560 + 400 = 3,960, which is the answer to the problem.

In all cases when there is no iron in the magnetic path, <.e.,
when u = 1, as in the air gaps of dynamo-electric machines, the -
required ampere-turns depend merely on the density B, and the
length [ of the air gap. The fundamental relation, m.m.f. = Hi
can then be written 0.47SI = Bl whence,

SI per centimeter (in air) = i_%? e
similarly

2.54
1.257

SI per inch (in air) = B =2.02B

5
= 2B approximately )

If the density is expressed in lines per square inch,
17

SI per inch (in air) = 5—2 =

These formulas are .easily remembered and are useful for making
rapid calculations. i

With a view to the more thorough understanding of electro-
magnetic problems likely to arise in the design of electrical
machinery, it should be observed that path (2) of the magnetic
system shown in Fig. 5 may be thought of as a shunt—or leakage
—path, the useful flux being the 1,000,000 maxwells in the air
gap of path (1). It is important to note that this surplus or,
leakage magnetism has cost nothing to produce, except in so
far as the total flux &; is increased in the common limb (3),
calling for a slight increase in the necessary exciting ampere-
turns. Even this small extra I2R loss could be avoided by in-
creasing the cross-section 4 ; of the common limb; but this would
generally add to the cost, not only because of the greater weight
of iron, but also because the length per turn of the exciting coil
would usually be greater, thus increasing the weight and cost of
copper if the I2R losses are to remain unaltered. For these
reasons alone it is well to keep down the value of the leakage flux
in nearly all designs of electrical machinery; but the point here
made is that the existence of a magnetic flux, whether it be useful
or leakage magnetism, does not involve the idea of loss of energy
in the sense of an I’R loss which must always be associated with
the electric current. Attention is called to this matter in order
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to emphasize the danger of carrying too far the analogy between
the magnetic and electric circuits. The product I?R in the
electric circuit is always associated with loss of energy; but
&2 X reluctance does not represent a continuous loss of energy in
the magnetic circuit. If the energy wasted in the exciting coil
is ignored, it may be said that the magnetic condition costs
nothing to maintain. It does, however, represent a store of
energy which has not been created without cost; but, with the
extinction of the magnetic field, the whole of this stored energy is
given back to the electric circuit with which the magnetic circuit
is linked. This may be illustrated by the analogy of a frictionless
flywheel which dissipates no energy while running, but which,
on being brought to rest, gives up all the energy that was put
into it while being brought up to speed.

The dotted lines on the right-hand side of the magnetic circuit
shown in Fig. 5 indicate two extra iron paths for the magnetic
flux. It should particularly be observed that the closed iron
ring D can be linked with the exciting coil as indicated without
modifying the amount of the useful flux through path (1):
there may obviously be a large amount of flux in this closed
iron ring, but 7 has cost nothing to produce because the exciting
ampere-turns have not been increased. The same might be
said of the circuit C except that the flux in this circuit has to
go through the common core (3), and in so far as extra ampere-
turns would be necessary to overcome the increased reluctance
of the iron under the coil, the m.m.f. available for sending flux
through paths (1) and (2) would be reduced, and if path C
were of high-grade iron of large cross-section relatively to As,
the useful flux in path (1) might be appreciably reduced. A
proper understanding of the points brought out in the study of
Fig. 5 will greatly facilitate the solution of practical problems
arising in the design of electrical machinery.

B. Calculation of Leakage Paths.—The total amount of the
magnetic leakage cannot be calculated accurately except by
making certain assumptions which are rarely strictly permissible
in the design of practical apparatus. Whether the machine is
an electric generator or an electromagnet of the simplest design,
the useful magnetic flux is always accompanied by stray magnetic
lines which do not follow the prescribed 'path. This leakage
flux will always be so distributed that its amount is a maxi-
mum; that is to say, the paths that it will follow will always
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be such that the total permeance of these leakage paths has
the greatest possible value. It is well to bear this fact in mind,
because it enables the experienced designer to make sketches of
various probable distributions of the leakage flux, and base his
calculations on the arrangement of flux lines which has the
greatest permeance. The fact that the leakage flux usually
follows air paths means that the permeance of these paths
does not depend upon the flux density B; this simplifies the
problem because it is not necessary to take into account
values of the permeability, p, other than unity; the difficulty
lies in the fact that—with the exception of very short air
gaps between relatively large polar surfaces—it is rarely possi-
"ble to predetermine the distribution of the stray flux, except
by making certain convenient assumptions of questionable
value. A designer of experience will frequently be able to
estimate flux leakage even in new and complicated designs
with but little error, and it is surprising how the intelligent
application of empirical or approximate formulas and rules will
often conduce to excellent results. The errors introduced are
some on the high side and some on the. low side, and the averages
are fairly accurate; but the estimation of leakage flux—Ilike
many other problems to be solved by the designer or practical
engineer—savors somewhat of scientific guesswork; it calls for
a combination of common sense and engineering judgment
based on previpus experience. The following examples and
formulas cover some of the simplest cases of flux paths in air; the
usual assumptions are made regarding the paths followed by the
magnetic lines, but it may safely be stated that, when all possible
leakage paths have been considered, and these formulas applied
to the calculation of the leakage flux, the calculated value will
almost invariably be something less than the actual stray flux
as subsequently ascertained by experimental means.

Case (a).—Parallel Flat Surfaces.—If the length of air gap
between the parallel iron surfaces is small relatively to the
cross-section, and if the two surfaces are approximately of the
same shape arnd size, the average cross-section (see Fig. 6) is

=A1+A2

A 2

and the permeance is

S ©®
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all dimensions in this and subsequent examples being expressed
in centimeters.

Case (b).—Flat Surfaces of Equal Area Subtending an Angle 6.
—The assumption here made is that the lines of induction in
the air gap are circles described from a center on the axis O
where the planes of the two polar surfaces meet. Let ! = length
of polar surface at right angles to the plane of the section shown
in Fig. 7. The sum of the permeances of all the small paths such

as dr is then,
P =f= leTE_
1 27 X 5ar

360
__ 3601 e
e loge i )
S S, pp
ol /
e/ ; ,
/ AI \‘\ ' //
/ | rianl
| N\
4 Y/
~ (0]
Fia. 6.—Permeance between = F1g. 7.—Permeance between non-
parallel surfaces. parallel plane surfaces.
For the special case when 0 = 90 degrees,
L e 12
e loge = 8)

For the special case when 6 = 180 degrees, and the two surfaces

lie in the same plane,
l

atl T2

P = 5 loge i 9
Case (¢c).—Equal Rectangular Polar Surfaces in Same Plane.—

This is a case similar to the one last considered, but the formula

(9) is not applicable when 7, is large relatively to r; because the

actual flux lines would probably be shorter than the assumed

semicircular paths. With a greater separation between the polar
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surfaces, the lines of flux are supposed to follow the path indicated
in Fig. 8. Let I stand, as before, for the length measured per-
pendicularly to the plane of the section shown, then,

o2 Pl dr

3 o (7 -+ 8)

(10)

F1g. 8.—Permeance between surfaces in same plane.

Case (d).—Iron-clad Cylindrical Magnet—Fig. 9 shows a
section through a circular magnet such as might be used for
lifting purposes. The exciting coil is supposed to occupy a
comparatively small portion of the total depth, and in order to
calculate the total flux between the inner core and the outer
cylinder forming the return path for the useful flux we may
consider the reluctance of the air path as being made up of a
number of concentric cylindrical shells of height & and thickness

dz. Thus,
R
reluctance =f %
1

TR
= (53) log. 7
The reciprocal of this quantity is the permeance, whence,
i 2rh

P= (11)

log. =

When the radial depth of the winding space (R — r) is not
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greater than the radius of the iron core (r), the permeance may
be expressed with sufficient accuracy for practical purposes as

_ mean cross-sectional area
length of flux path
7 (R +1)h

i 1R (11a)
Case (¢).—Same as Case (d) Except that Coils Occupy the
Whole of the Available Space.—This is the more usual case, and
it is illustrated by Fig. 10. The leakage flux in the annular
space occupied by the windings will depend not only upon the

F16. 9.—Leakage paths in circu- Fi6. 10.—Leakage paths in circu-
lar magnet (space not occupied by lar magnet (space entirely fitted by
copper). exciting coils).

permeance of the air path, but also upon the m.m.f. tending to
establish a magnetic flux. This m.m.f. has no longer a constant
value, but, on the assumption that the reluctance of the iron paths
is negligible, it will increase according to a straight-line law from
zero when z = 0 (see Fig. 10) to a maximum when z = h.
Starting with the fundamental formula, & = m.m.f. X P,

we have,
de = [0.4er1 X z] X [&%]
loge7

whence 1 21

] =0.47rSI XZ X R xdx

loge7

or _ 048I 2rh

p= SR p (12)

log, -
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which, if the dimensions are in centimeters, will be the leakage
flux in maxwells; and this is seen to be merely the product,
average value of m.m.f. X permeance.

It is evident that this formula can be applied to case (d) in
order to calculate the leakage flux in the space occupied by the
coil, and so obtain the total leakage flux inside a magnet of the
type illustrated, where the coils do not occupy the whole of the
annular air space between the core and the cylinder forming the
return path.

Case (f).—Parallel Cylinders.—The permeance of the air paths
between the sides of two parallel cylinders of diameter d and

b —-

F1a. 11.—Permeance between parallel cylinders.

length l—which are shown in section in Fig. 1l1—cannot be
calculated so easily as in the examples previously considered;
but the following formula may be used,?

al

- i(13)
1°g‘<b Fd A 2bd>

It will be observed that the logarithm in this and previous
equations is to the base ¢ and although the formula could be
rewritten to permit of the direct use of tables of logarithms to
the base 10, there appears to be no good reason for doing so. If
a table of hyperbolic logarithms is not available, the quantity
log, can always be obtained by using a table of common logarithms
and multiplying the result by the constant 2.303.

6. Flux Leakage in Similar Designs.—In all the above formulas
it will be seen that the permeance, P, remains unaltered per
unit length measured perpendicularly to the cross-section shown

P=

1 This formula can be developed mathematically in the same manner as
the better-known formulas giving the electrostatic capacity between parallel
wires,
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" in the sketches!' provided the cross-sections are similar, apart
from the actual magnitude of the dimensions. Thus, if the
exciting ampere-turns were to remain constant, the leakage flux in
similar designs of apparatus would be proportional to the first
power of the linear dimension I; but since the cross-section of
the winding space is proportional to %, the exciting ampere-
turns would not remain of constant value, but would also vary
approximately as I2. Given the same size of wire—which
obviates the necessity of considering changes in the winding space
factor—the number of turns, S, will be proportional to 12,
and the resistance, R, will vary as [%. For the same rise of
temperature on the outside of the windings, the watts lost in
heating the coil must be proportional to the cooling surface.
Thus,
I’R < [?

S 2

Rel3
whence

Izoc%
and

SI o [1°8

The total leakage flux in stmilar designs of magnets will be pro-
portional to [ X I'-8 or I2-5 and as a rough approximation it
may be assumed that, with a proportional change in all linear
dimensions, the leakage flux will vary as the third power of the
linear dimension, or as the volume of the magnet.

7. Leakage Coefficient.—The leakage coefficient, or leakage
useful flux 4 leakage flux

factor, is the ratio

useful flux
or
- 4 q>a + <I>1
= gt 17

where &, is the total number of leakage lines calculated for every
path where an appreciable amount of leakage is likely to occur.
When designing electromagnets or the frames of dynamo
machines, a fairly close estimate of the probable leakage factor
is necessary in order to be sure that sufficient iron section will be
1 The sections shown in Figs. 9 and 10 have, for convenience, been taken

through the axis of length instead of at right angles to this axis as in the
other examples. :
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provided under the magnetizing coils and in the yoke to carry the
leakage flux in addition to the useful flux. The leakage factor
is always greater than unity, and the product of the useful flux
by the leakage factor will be the total flux to be carried by
certain portions of the magnetic circuit enclosed by the exciting
coils.

8. Tractive Force.—The tractive effort, or the tension which
exists along the magnetic lines of force, is one of the effects of
magnetism which it is necessary to calculate, not only in electro-
magnets for lifting purposes, or in magnetic clutches or brakes, -
where this is the most important function of the magnetism;
but also in rotating electric machinery, where decentralization of
the rotating parts may lead to very serious results owing to the
unbalancing of the magnetic pull.

MaxweLL’s formula is,
2

Force in dynes = gr—A (14)

where A is the cross-section in square centimeters of a given area
over which the flux density, B, is assumed to have a constant
value. .

This formula can be used to calculate the pull between two
parallel polar surfaces when the air gap between them is small
relatively to the area of the surfaces. The engineer desires to
know the pull in pounds exerted between the two surfaces, and
since 1 lb. = 444,800 dynes, the above formula can be written,

(15)

it i ] A itieh)
putL, in poundas per équare ceniymeter = 11,180,000

or

2
i730000 16
In both of these formulas the density, B, is expressed in gausses
(i.e., in C.G.S. lines per square centimeter).

If B,, stands for lines per square inch, then,

B?
72 X 108
If the density is not constant over the whole surface considered,
the area must be divided into small sections, after which a
summation of the component forces can be made. In averaging
the density to get a mean result, it is obviously not the square of
the average density that must be taken, but the average of the

pull, in pounds per square inch =

an

pull, in pounds per square inch =
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squares of the densities taken over the various component areas
of the cross-section considered. This is briefly summed up in
the general expression,

pull, in dynes = -é—l-_fBsz

Pull between Inclined Surfaces.—Conical Plungers.—Sketch
(a) of Fig. 12 shows a portion of an electromagnet of rectangular
cross-section, with air gap (of length ) normal to the direction
of movement. The sketch (b) shows a similar bar of iron, but
with the air gap inclined at an angle 6 with the normal cross-
section. The total movement, which is supposed to be confined
to the direction parallel to the length of the bar, is the same in
both cases; that is to say, the air gap measured in the direction

Area Ag=c-(‘;4;13
TV V4 '

- =)

(2)

F1a. 12.—Magnet with inclined air gap.

of motion, has the same value, I, although the actual air gap
measured normally to the polar surfaces is smaller in (b) than
in (a). The magnetic pull will actually be exerted in a direction
normal to the opposing surfaces, that is to say, in the direction
OF, in case (b), although it is the mechanical force exerted in
the direction OF which it is proposed to calculate.
For the perpendicular gap (sketch a) we can write,
total longitudinal force F; = kBi%4. (18)

where k is a constant.
For the inclined gap (sketch b);

total longitudinal force F; = kBjy2A, X cos 6 (19)

Now express equation (19) in terms of A, and B;. With the
ampere-turns of constant value, and considering the reluctance
of the air gap only, the flux density will be inversely proportional
to the shortest distance between the two parallel surfaces.
Thus,

1

B]_C:l—

Syt e
2" lcos 6

B
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therefore B, B,
g 2™ cos 0
Also, since 4, = A1
g cos @
B2
Py, = kcosio X — = 0 X cos 8§
3 BB Al
" cos?f  cos?@ (20)

The same relation holds good for cone-shaped pole pieces.
Thus, referring to Fig. 13, in which the magnet core is supposed
to have a circular cross-section of radius r;

F, = kB,?A, = kB.?rr? for normal gap

v // ///, /

/
F1a. 13.—Magnet with conical pole faces.

Y /,

~and
Fy = kBs24, X cos 6

for conical gap; where the factor cos @ is introduced as before
to obtain the axial component of the magnetic forces.

The conical surface, which corresponds to the cross-sectional
area of the air gap, is,

2
Az X y % P % Tr A1

cose cosf cosd

Also, for the same exciting ampere-turns, we have as before,

Bzmlcos ]
By

oc
cos ¢

and,

>< A Xcosa

Fy = kcos’ 0
_ kB*4,
~ cos?d
" cos?d
which is identical with formula (20).
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Thus in both cases the inclined gap has the effect of increasing
the initial pull for the same total length of travel. This is
sometimes an advantage, and conical poles are occasionally
introduced in designs of electromagnets when the total travel is
small relatively to the diameter of the plunger. In this manner
it is possible to obtain increased length of travel without adding
to the weight of the magnet. For the same initial pull, the
length of travel obtainable by providing conical surfaces is,

o ll
" cos?é

Iy

where [; is the length of the normal gap which corresponds to
the required initial pull. This formula is easily derived from
the expressions previously developed.

There is a limit to the amount of taper that can be put on the
conical pole pieces, and a large amount of taper will prove to be
of little use. It should be noted that a limit of usefulness is
reached when the flux density in the iron core approaches satura-
tion limits, because the air-gap density—which determines the
magnetic pull—cannot then be carried up to high values, even
with greatly increased exciting ampere-turns. A reference to the
curves of Figs. 2 or 3 (pages 16, 17) will enable the designer to
judge when the density in the magnet is approaching uneconom-
ical values. Thus, in the case of cast iron it will rarely pay to
carry the induction above 11,000 gausses, while, in wrought iron,
or cast steel as used for electromagnets,! the upper limit may be
placed at about 19,000 gausses, although, as will be explained
later, it is often advantageous to force the density up to higher
values in the teeth of laminated armature cores.

9. Materials—Wire and Insulation.—Before going further into
the design of electromagnets it will be advisable to consider
briefly the qualities of the materials used in their construction.
The most important of these materials is the iron, which con-
centrates the magnetic flux and so provides the necessary dis-
tribution and density in the air gap where it performs the duty
required of it. The effect of iron in the magnetic circuit has
however already been discussed at some length, and as its various
properties will be considered further in the course of subsequent
articles, it is proposed to confine the remarks immediately fol-

! This is practically pure iron, with magnetic characteristics very similar
to those of soft annealed iron of good quality.
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lowing to the only other materials of consequence in the design of
magnets or dynamos, namely, the copper wire, which is the
material universally used for the windings, and the insulating
materials; which prevent electrical contact between neighboring
turns of wire, and also between the winding as a whole and the
iron of the magnetic circuit or supporting framework.

For the operation of electromagnets, high voltages are rarely
used, and the provision of appropriate insulation presents no
serious difficulties; but it must not be overlooked that, when
the inductance is great—i.e., when the flux links with a large
number of turns and the product mazwells X number of turns
is large—there may be, at the instant of switching off the current,
differences of potential between neighboring turns of wire,
considerably in excess of the normal potential difference cal-
culated on the assumption of a steady impressed voltage between
the terminals of the coil. In the design of continuous-current
machines, pressures up to 5,000 volts may have to be considered,
and in alternating-current generators, the pressure may be as high
as, but rarely in excess of, 16,000 volts. The higher pressures,
as used for transmission of energy to great distances, are obtained
by means of static transformers, and the question of insulation
then becomes of such great importance that it has to be very
thoroughly studied by experts. Pressures of 100,000 volts are
now common for step-up transformers, and there are many
transformers actually in operation at 150,000 volts and even
higher pressures; so that the provision of the requisite insulation
for machines working at pressures not exceeding 16,000 volts
(which is the limit for any of the designs dealt with in this book)
offers no insuperable difficulties. It is, therefore, proposed to
devote but little space to the discussion of insulation problems;
although, as occasion arises, data and information of a practical
nature will be given.

Copper Wire—With silver as the one exception, copper is
the metal with the highest electrical conductivity; it is also
mechanically strong, easy to handle, and generally the most
suitable material for electrical windings. The resistance of a
given size and length of wire is usually obtained by reference
to a wire table, similar to the accompanying tables, which con-
tain such information as the designer of electrical apparatus
requires. The very large, and the very small, sizes of wire are

omitted; but wire tables for the use of electrical engineers are
3
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so common in electrical handbooks and textbooks, that par-
ticulars of sizes not here included can generally be obtained
without difficulty.

The Brown and Sharp gage is commonly used in America,
while the legal standard gage (S.W.G.)—which has been adopted
by the Engineering Standards Committe—is used almost with-
out exception by electrical engineers in England. In using the
accompanying tables, reference should always be made to the
heading, to ensure that the figures relate to the required wire

gage.

Wire Tasre, BRowN AND SHArp Gaag, CopPER

; Area of cross- Weight Approx.|Approx.| Resistance, ohms
Gage |Diameter, section Ib. per' iame- [number| per 1,000 ft.! Gage
No., inches 1,000 ft. ter |of turns ) ol | NG,
B. & S.| (bare) £ querepl KGisc it Eibana) Dle per glch 15°C. | e0ec. |B-&8.
inches |lar mils (mils) | D.C.C.| (59oF)| (140°F.)
0 0.3249 [0.08291 105,560(319.5 338 2.95 | 0.0964, 0.1142 0
1 0.2893 10.06573 83,600/253.3 302 3.30 | 0.1217} 0.1440 1
2 0.2576 |0.05212 66,370{200.9 270 3.69 | 0.1534| 0.1816 2
3 0.2294 [0.04133 52,630{159.3 242 4.12 | 0.1934 0.2290 3
4 0.2043 [0.03278 41,740(126.4 216 4.60 | 0.2439| 0.2888 4
5 '0.1819 |0.02600 33,090({101.2 194 5.13 | 0.3076] 0.3642 5
(] 0.1620 |0.02061 26,250 79.5 174 5.70 | 0.388 | 0.459 6
o 0.1443 |0.01635 20,820( 63.0 156 6.36 | 0.489 | 0.579 7
8 0.1285 |0.01297 16,510, 50.0 140 7.10 | 0.617 | 0.730 8
9 0.1144 |0.01028 13,090| 39.6 126 7.88 | 0.778 | 0.921 9
10 0.1019 [0.00815 10,380| 31.4 114 8.70 | 0.981 | 1.161 10
11 0.0907 |0.00646 8,230| 24.9 103 9.60 | 1.237 | 1.464 11
12 0.0808 [0.00513 6,530 19.8 93 10.65 | 1.559 | 1.846 12
13 0.0720 |0.00407 5,178} 15.7 84 11.80 | 1.966 | 2.328 13
14 0.0641 |0.00323 4,107} 12.43 76 13.0 2.480 | 2.936 14
15 0.0571 |0.00256 3,260 9.86 68 14.5 3.127 | 3.702 15
16 0.0508 |0.00203 2,583 7.82 62 15.9 3.942 | 4.667 16
17 0.0453 |0.00161 2,048 6.20 56 17.5 4.973 | 5.887 17
18 0.0403 |0.001276 1,624 4.92 51 19.2 6.27 7.42 18
19 0.0359 [0.001012 1,288 3.90 46 21.3 7.90 9.36 19
20 0.0320 |0.000802 1,022| 3.09 42 23.3 9.97 [11.80 20
21 0.0285 |0.000636 810f 2.45 38 25.6 [12.57 [14.88 21
22 0.0253 |0.000503 642] 1.945 35 27.8 [15.86 |18.77 22
23 0.0226 |0.000401 510| 1.542 32 30.3 |20.00 |23.66 23
24 0.0201 |0.000317 404| 1.223 30 32.3 [25.20 |29.84 24
25 0.0179 |0.000252 320/ 0.970 27 35.7 131.80 (37.60 25
26 0.0159 |0.0001985 254 0.769 24 40.0 [40.20 |47.50 26
27 0.0142 |0.0001584 202| 0.610 22 43.5 150.60 |60.00 27
28 0.0126 [(0.0001247 159 0.484 21 45.5 163.80 |75.40 28

1 A variation in resistance up to 2 per cent. increase on the calculated values for pure
copper is generally allowed.
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Wire TaBLE, STANDARD WIRE GAGE, CoPPER

; Area of cross- Weight, Approx.|Approx.|Resistance, ohms
Gage |Diameter, section Ib. per' diame- | number| per 1,000 ft.t Gage
No., inches, 11,000 ft. ter |of turns No.,
S.VV'.G‘ (bare) Square | Circu- | (bare) D..(IJ.C. per inch 15°C. 60°C. S.W.G.
inches |lar mils (mils) | D.C.C. (59oF )| (140°F.)
0 0.324 [0.08245 |105,000{318.0 340 2.93 | 0.097 | 0.1148 0
1 0.300 [0.07070 90,000272.0 316 3.15 | 0.1131} 0.1339 1
2 0.276 |0.05980 76,180(231.0 292 3.41 | 0.1337] 0.1583 2
3 0.252 [0.05000 63,500(192.0 268 3.72 | 0.1604| 0.1900 3
4 0.232 0.04230 57,820(166.0 248 4,01 | 0.1892] 0.2240 4
5 0.212 0.03530 44,940(136.0 228 4.37 | 0.2260| 0.2683 5
6 0.192 10.02895 36,860|111.5 208 4.78 | 0.2767| 0.3276 6
7 0.176  ]0.02433 30,980| 93.8 192 5.18 | 0.3291] 0.3896 7
8 0.160 [0.02010 25,600 77.5 174 5.72 | 0.398 | 0.471 8
9 0.144 0.01630 20,740| 62.8 158 6.28 | 0.491 | 0.581 9
10 0.128 [0.01287 16,380] 49.6 140 7.10 | 0.625 | 0.740 10
11 0.116 0.01057 13,460{ 40.7 128 7.7510.759 | 0.902 11
12 0.104 0.00850 10,820| 32.7 116 8.55 | 0.941 | 1.114 12
13 0.092 |0.00665 8,465| 25.6 104 9.52 | 1.203 | 1.424 13
14 0.080 10.00503 6,400{ 19.4 92 10.75 | 1.591 | 1.884 14
15 0.072  [0.00407 5,185/ 15.7 84 11.75 | 1.964 | 2.325 15
16 0.064 [0.00322 4,095 12.4 76 13.0 | 2.486 | 2.943 16
17 0.056 |0.00246 3,135 9.5 68 14.5 | 3.246 | 3.844 17
18 0.048 [0.00181 2,305 7.0 58 | 17.0 | 4.420 | 5.234 18
19 0.040 [0.001257 1,600 4.84 50 |19.6 | 6.37 |7.54 19
20 | 0.036 |0.001018 1,296 3.92 46 | 21.3 | 7.85 | 9.30 20
21 0.032 0.000804 1,024 3.10 42 | 23.2 |9.94 [11.77 21
22 0.028 10.000616 784| 2.37 38 | 25.6 |12.99 (15.38 22
23 0.024 0.000452 576/ 1.74 34 | 28.6 |17.67 [20.93 23
24 0.022 [0.000380 484| 1.47 31 31.0 (21.08 |24.91 24
25 0.020 {0.000314 400( 1.21 29 | 33.0 (25.50 [30.20 25
26 0.018  |0.000255 324 0.98 27 | 36.0 |31.40 |37.20 26
27 0.0164 |0.000211 270, 0.81 25 | 38.0 |37.80 (44.70 2%
28 0.0148 0.000172 219| 0.665| 24 | 40.0 [46.50 [55.00 28

1 A variation in resistance up to 2 per cent. increase on the calculated values for pure
copper is generally allowed,

The cross-section of a wire may be expressed in square inches
or in square mils (1 mil = 1/1000 in.); the metric system is rarely
used in English-speaking countries.

Cireular M+ls.—The cross-section of a wire or conductor may
also be expressed in “circular mils.” This is the unit of area
commonly used in America when the cross-section of electrical
conductors is referred to. The confusion of ideas resulting from
the conception of the circular mil as a unit of area may be com-
pensated for by certain practical advantages, but these advantages
are not obvious. The circular mil is the area of a circle 1 mil
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in diameter, and the number of circular mils in a given area
is therefore greater than the number of square mils. Thus, in 1

sq. in. there are 1,000,000 square mils; but 108 X 3_3 = 1,273,237

circular mils. The cross-section of a cylindrical wire in circular
mils is,
(m) = (diameter in mils)?2
__ true area in square mils
i 0.7854

The area of any conductor expressed in circular mils is always
greater than the true area expressed in square mils; because the
unit area called the circular mil is smaller than the square mil.

Svmple Formulas for Resistance of Wires.—A very convenient
and easily remembered rule is that the resistance of any copper
wire! is 1 ohm per circular mil per inch length, or
ZII
(m)
at a temperature of about 60°C. (or 140°F.). This formula is
therefore applicable to the calculation of coil resistances under
operating conditions, when they are hot.

The system on which the B. & S. (Brown and Sharp) gage is
based, exactly halves the cross-section with an increase of three
sizes. It will also be found that a No. 10 B. & S. copper wire
has a cross-section of about 10,000 circular mils (diameter = 0.1
in. approx.) and its resistance at normal temperatures (about
20°C.) is 1 ohm per 1,000 ft. Thus, for approximate calculations,
sizes of wire on the B. & S. gage can be determined if necessary
without reference to tables.

The weight of any size of round copper wire may be calculated
by the formula:

Weight in pounds per 1,000 ft. =

where d = diameter in mils.

Variation of Resistance with Temperature.—If the resistance of
a wire is known for any given temperature it can be calculated
approximately for any other temperature by remembering that
the resistance of all pure metals tends to become zero at the abso-
lute zero of temperature, and by assuming that the variations in

R = (21)

d2

330 (22)

1 The specific resistance of commercial wires can be, and usually is, equal
to that of pure electrolytic copper of 100 per cent. conductivity by
Matthiesson’s standard.
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resistance follow a straight-line law, all as indicated in Fig 14.
Thus, if R; and Ro stand respectively for the resistances at
temperatures of ¢ degrees and zero degrees, the relation is,

If it is desired to calculate the
change in resistance which oceurs t = f--s-
when the temperature is raised & Ag‘
from ¢, to t, degrees, we have, by i

R: = Ro(1 + ats)

R1 Ly Ro(]. + at],)
Dividing the first equation by
the second, in order to eliminate
Ro, we get,

R Resistance

Temperature O

e (A + atz) R: (24) —238 € Y (“Inferred” Absolute Zero)

(1 + at) Frg. 14.—Diagram illustrating
by which the resistance R, at the variation of resistance with temper-
temperature £, can be calculated e
when the resistance R; at the temperature ¢; is known.

The coefficient ¢ = 0.004 if the temperatures are expressed in
degrees Centigrade. If temperatures are read on the Fahrenheit
scale, a = 0.0024.

Numerical Example—Change of Reststance with Temperature.—
The resistance of copper per circular mil per foot is 12 ohms at
60°C. Calculate the temperature at which the resistance will
be 10 ohms per circular mil per foot.

Reo =3 Ro(l + 60(1)
Rt = Ro(l + ta)

Divide the first equation by the second, and solve for £, the value
of which is found to be,

P Rt(l + 60(1) o~ Reo
¥ Reo X a

Substitute the numerical values, Rg = 12; R; = 10; and a =
0.004 which will give the answer 8.33°C.

Insulating Materials.—The covering on the copper wires may
consist of one, two, or three layers of cotton or silk. Silk céver-
ings are used only on the smaller sizes, especially when it is
important to economize space, that is to say, where the space

R

¢
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taken up by the cotton covering would be excessive in propor-
tion to the cross-section of copper. When great economy of
space is necessary, enamelled wire may be used. This is simply
bare copper wire on which a thin coating of flexible enamel has
been applied by a special process. Enamelled wire may often
be used to advantage, especially in connection with the very
small diameters; but there is always the possibility of contact
between adjacent wires at abnormally high temperatures, and in

BELDENAMEL WIRE DaTa

Moo B 48 .45 iy bere| chommiie toniar | AN SRl S vt
13 0.0720 0.002 0.0005 0.074
14 . 0.0641 0.002 0.0005 0.0661
15 0.0571 0.002 0.0005 0.0591
16 0.0508 0.002 0.0005 0.0528
17 0.0452 0.0018 0.0004 0.047
18 0.0403 0.0018 0.0004 0.0421
19 0.0359 0.0018 0.0004 0.0377
20 0.0320 0.0018 0.0004 . 0.0338
21 0.0284 0.0017 0.0004 0.0301
22 0.0253 0.0016 0.0004 0.0269
23 \ 0.0225 0.0015 0.0004 0.0240
24 0.0201 0.0014 0.0003 0.0215
25 0.0179 0.0013 0.0003 0.0192
26 0.0159 0.0012 0.0003 0.0171
27 0.0142 0.0011 0.0003 0.0153
28 0.0126 0.0010 0.0003 0.0136
29 0.0112 0.0009 0.0003 0.0121
30 0.0100 0.0008 0.0002 0.0108
31 .0.0089 0.0008 0.0002 0.0097
B 0.0079 0.0007 0.0002 0.0086
33 0.0071 ~ 0.0007 0.0002 0.0078
34 0.0063 0.0006 0.0002 0.0069
35 0.0056 0.0006 0.0001 0.0062
36 0.005 . 0.0005 0.0001 0.0055
37 0.0044 0.0005 0.0001 0.0049
38 0.004 0.0004 0.0001 0.0044
39 0.0035 0.0004 0.0001 0.0039
40 0.0031 0.0004 0.0001 0.0035
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many cases enamelled wire protected by a single covering of
cotton has been used with very satisfactory results. In all cases
when it is desired to save space by reducing the thickness of
insulation on wires, the points to be considered are: (1) insulation;
(2) durability; and (3) cost. The price of the silk covering is of
course much higher than that of the cotton covering.

Enamel insulation does not add much to the diameter of the
wire as will be seen by reference to the accompanying table based
on data kindly furnished by the Belden Manufacturing Co. of
Chicago. This wire will not suffer injury with the temperature
maintained at 200°F. continuously, and it will withstand without
breakdown a pressure of 900 volts per mil thickness of enamel;
but on account of the possibility of abrasion during winding, a
large factor of safety (not less than four) should be used, and
indeed it is always advisable to place paper between the layers of
enamelled wire, unless a careful study of the conditions appears
to justify its omission.

Triple cotton covering can be used with advantage on the
larger sizes of wire when the working pressure between adjacent
turns exceeds 20 volts. When extra insulation is required be-
tween the layers of the winding, this is usually provided in the
form of one or more thicknesses of paper or varnished cloth.
It is the insulation between the finishing turns of a layer of wire
and the winding immediately below which requires special at-
tention, because this is where the difference of potential is great-
est. One advantage of the ordinary cotton covering is that it
lends itself admirably to treatment with oil or varnish, either
before or after winding.

Space Factor—The amount of space taken up by the insulation
and the air pockets between wires of circular cross-section is
important, because it reduces the cross-section of copper in the
coil. If A is the cross-section of the copper, and A’ the total area

. of cross-section through the winding, the ratio % is called the

space factor. The calculated space factor, based on the assump-
tion of a known diameter over the insulation, and a close packing
of the wires, does not always agree with the value obtained in
practice, but the curves of Fig. 15 will be found to give good
average values. It will be understood that the space factors of
Fig. 15 include no allowance for extra insulation between layers
of wire or for the necessary lining of the spool upon which the coil
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is wound. If the number of turns per layer is very small, there
will be an appreciable loss of space due to the turning back of the
wire at the end of each layer.

Insulation on Spools or Metal Forms.—The materials used for
insulating between the winding as a whole and any grounded
metal by which it is supported include mica, micanite paper and
cloth, pressboard, “presspahn,” varnished cambric, oiled linen

0.72
i <]
0.70 |— AN
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Fi1a. 15.—Space factors for wires of circular cross-section.

or cotton (empire cloth), cotton tape, etc. The voltage that
some of these materials will. withstand before breakdown is
approximately as follows: empire cloth (usually 7 to 8 mils thick)
will rarely puncture with less than 600 volts per mil; mica will
withstand about 800 volts per mil; and micanite paper or cloth
—which affords also an excellent mechanical protection—can
generally be relied on to withstand 400 volts per mil. A large
factor of safety is usually allowed, especially on the lower
voltages. With a good quality of insulation, the total thickness
between the cotton-covered wires and the supporting metal work
should have the following values:



THE MAGNETIC CIRCUIT—ELECTROMAGNETS 41

Up to 500 volts.................... 0.045 in.
Hor-1,000%volts 4% s arehir Sans 5. ] 0.060 in.
For 2,000 volts.........cccovuunn.. 0.080 in.
For. 3,000 Vel s s it: s i kitnr e s 0.10 in.

For higher pressures, up to 12,000 volts, add 0.03 in. per 1,000
volts increase. :

10. Calculation of Magnet Windings.—The calculation of the

ampere-turns necessary to produce a given flux of magnetism
has already been explained (see Arts. 3 and 4), and it is a fairly
simple matter to determine the
exciting force approximately, v
provided the magnetic circuit
consists mainly of iron of known
magnetic characteristics, and . a i
that the air gaps are short. "
These calculations will be more —&r= !
fully illustrated when working
out one or two numerical exam-
ples; but for the present it is
assumed that a definite number of ampere-turns, SI, have to be
wound on a bobbin or former, and that the applied D.C. potential
difference, E, is known.

If SI = the total ampere-turns in the coil shown in Fig. 16,
then, whatever may be the number of the turns S, the total
ampere-wires in the cross-section ¢ X ! is (SI). For a first ap-
proximation of thé area required, it is well to assume a certain
current density in the windings, which is not likely to cause an
excessive heat loss and therefore an unsafe rise of temperature.
The following figures may be used:

For large magnets try A = 700, or (M) = 1,800
For medium-sized magnets try A = 900, or (M) = 1,400
For small magnets try A = 1,100, or (M) = 1,150

where A = current density in amperes per square inch, and (M)

= number of circular mils per ampere. The relation between
these quantities, as previously explained (Art. 9) is,

A X (M) = 1273 X 108

By assuming the current density, it is then easy to calculate the
probable cross-section of the copper in the coil. This, however,
is not equal to the product ¢ X I because the winding space factor

Fia. 16.—Cylindrical magnet coil.

for con-
tinuous
service,
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must be taken into account. A little practice will enable the
designer to form a rough idea as to the size of wire that will
be required, this being of small diameter for high voltages and of
large diameter for low voltages. He can select a probable value
of the space factor from the curves of Fig. 15. The cross-section
of the coil can now be calculated because, °

SI
A X sf

Any convenient relation between I and ¢ may be chosen, but
the value of one of these dimensions is usually decided upon in
the first instance. It is well to avoid making the depth of wind-
ing, ¢, more than 3 in., even in large magnets, because the internal
temperature is then liable to become excessive.

The size of the wire will depend upon the length of the mean
turn; and, with a known value for ¢, and a core of circular cross-
section, we have:

Mean length per turn = #(D + t) in. (See Fig. 16.)

IX ¢t = (25)

Applying formula (21) for the resistance of a copper wire at a
temperature of about 60°C., we may write,

’ length in inches E
resistance = —_W_ =¥
whence
D+ )S E
() 54T
and 3
fal & w(D +Et') X SI (26)

In this manner the size of the wire can be determined. It
should be noted that, for a given excitation, its cross-section
depends only upon the applied potential difference and the
average length per turn; it is quite independent of the number
of turns of wire, S. That this must necessarily be the case is
seen when it is realized that for every increase in S, the resist-
ance increases in like manner, causing the current I to decrease
by a proportional amount.

By referring to a wire table such as those on pages 34 and 35,
the standard gage size nearest to the calculated cross-section
can be chosen. If it does not seem close enough to the required
size for practical purposes, the coil can be wound with two sizes
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of standard wire, as will be explained shortly, but it is generally
possible to modify the average length per turn and so obtain the
desired result. The formula (26) can be written,

D+ 1= WE)im;;I

whence

15 E(m)
X SI
Now, if (A) is the area in circular mils of the standard size of
wire it is proposed to use—instead of the previously calculated
cross-section (m)—the required ampere-turns can be obtained
by making the depth of winding,
7\
1= a X8I
Now estimate (by using the space factor curves, or by calculation)
the number of turns required to fill the spool to the required
depth, and calculate the total resistance, R, and the current,

E

R

A convenient rule, which usually provides sufficient winding
space to prevent excessive temperature rise, is to allow 1 sq.
in. of winding space cross-section for every 500 ampere-turns
required on the coil. This simply means that the product
A X sf of formula (25) is taken as 500.

Winding Shunt Coils With Two Sizes of Wire.—For a definite
mean length per turn, the exact ampere-turns required on a
magnet can always be obtained with standard sizes of wire by

- D

D (27)

i 1 t
i<—-—x Feet of A 0hms—-—>i‘<-~- Y Feet of B Ohms -—>

=

One Foot =K Ohms

F1a, 17.—Two sizes of wire in series.

using, if necessary, two wires of different diameter connected in
series or in parallel. The series connection is most usual for
magnets or field coils to be connected across a definite voltage.

Let R stand for the ohms per foot length of wire to give the
required excitation at the proper temperature; A = ohms per
foot, at the same temperature, of the standard wire of larger size;
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and B = the corresponding resistance of the smaller standard
size of wire. It is proposed to make up the resistance R by
connecting = feet of A ohms per foot in series with y feet of B
ohms per foot, as indicated in Fig. 17. Thus,

zA +yB =R
also
z+y=1 or,y=1—=x
whence
2A + B — B =R
and
o (28)

If it is preferred to work with cross-sections in circular mils,
instead of resistances in ohms per foot, we can put the relation of
formula (28) in the form

bty
_m T~ ®
A1
@ ~ )
_ @ (B —(m

= X ® =@ (29)

where (m) = calculated circular mils,
(4) = circular mils of larger standard wire,
(B) = circular mils of smaller standard wire.

When winding with two sizes of wire in series, it is usual to put
the smaller wire on the outside where the heat will be most readily
dissipated.

11. Heat Dissipation—Temperature Rise.—The winding, if
calculated as explained in the preceding article, will furnish the
required excitation; but it is possible that the estimated value for
the current density may result in a temperature so high as to
injure the insulation, or so low as to render the cost of the magnet
—owing to excess of copper—commercially prohibitive. The
highest temperature will be attained somewhere inside the coil,
and it is not easily calculated; the temperature as measured by a
thermometer on the outside of the coil is only a rough guide to
that of the hottest part. The average temperature is also higher
than the outside temperature; it can be ascertained by meas-
uring the resistance of the coil hot and cold. The maximum
temperature can be measured only by burying thermometers or
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test resistances in the center of the coil when it is being wound.
The depth of winding has much to do with the relation between
outside and inside temperatures. This depth should rarely
exceed 3 in., and a long coil of small thickness will, obviously,
have a much more uniform temperature than a short thick coil
of the same number of turns.

As a rough indication of what may be expected in the matter
of internal temperatures, it may be stated that, in magnet coils
of average size, the mean temperature might be 1.4 times, and
the maximum temperature 1.65 times, the external temperature.
The maximum allowable safe temperature for cotton-covered
wires is 95°C., and as this may be reached when the outside tem-~
perature is 40°C. above that of the surrounding medium, a
maximum rise of temperature of 40° or 45°C., as measured at
the hottest accessible part of the finished coil, is usually specified.
If the calculated temperature rise is in excess of this, the coil
must be re-designed in order to increase the cooling surface or
reduce the I2R loss.

The calculation of temperature rise is based largely upon
coefficients which are the result of tests, preferably conducted on
coils of the same type and size as the one considered. The cool-
ing surface of a magnet winding of the type shown in Fig. 16, page
41, may be taken as the outside cylindrical surface only; or this
outside surface plus the area of the two ends; or, again, the whole
surface, not omitting the inside portion in proximity to the iron
of the magnet core. This is largely a matter of individual choice
based on experience gained with similar types of coil, and the
heating coefficient will necessarily have a different value in
each case.

2
The watts lost amount to I2R, or EI, or %— The heating

coefficient is the cooling surface necessary to dissipate one watt
per degree difference of temperature between the outside of the
winding and the surrounding air. Thus’
ga 1A
—I*R
and
I’R

T=kT (30)

where T is the temperature rise in degrees Centigrade; kis the
heating coefficient, which can, if preferred, be properly defined
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as the degrees Centigrade rise in temperature when the loss in
watts is equal to the cooling surface in square inches; and A is
the actual cooling surface expressed in square inches. The area
of this cooling surface will be reckoned as the sum of the outside
and inside perimeters multiplied by the length of the coil, plus
the area of both ends of the coil. The temperature rise is
found to differ very little whether the coil is surrounded entirely
by air, or provided with an iron core, and for this reason the
writer prefers to consider the total external area of the coil as
the cooling surface.!

The heating coefficient % is not a constant, even for a given size
and shape of magnet. It is a function of the difference of
temperature between the coil surface and the surrounding
medium; it also depends upon the material of the spools or
bobbins, on the insulating varnish and wrappings (if any), and
other details of construction. Assuming a surface temperature
rise of about 40°C. and open type coils—that is to say, coils
with ends and outside surface exposed to the air—finished with
a coat or two of varnish over the cotton-covered wire, the coeffi-
cient k might lie between 160 and 200, with an average value of
180. With a temperature rise of only 20°C. the average value
of % should be taken as 190.

In the case of iron-clad coils such as those found in many
designs of lifting magnets and magnetic clutches, the final
internal temperature will depend largely on the shape and thick-
ness of the surrounding iron, and on the total radiating surface;
but, for approximate calculations, the same coefficient may be
used as for the open coils, bearing in mind that, in all cases,
the temperature rise T of formula (30) is that of the outside layer
of wire, and the area A is that of the total external surface of the
copper coil.

12. Intermittent Heating.—Without attempting to discuss
exhaustively the effects of intermittent service, the two extreme
cagses may be considered: (¢) the apparatus is alternately carrying
the full current, and carrying no current, during short periods of
time extending over many hours, so that the total cooling surface
is the factor of importance; and (b), the apparatus is in use at

1 This is the recommendation of Mr. G. A. LisTER in his excellent paper
published in the British Journal Inst. E. E., vol. 38, p. 402, to which the
reader is referred if he wishes to pursue further the subject of magnet-
coil heating.
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only rare intervals of time, with long periods allowed for cooling,
so that the factor of importance is the capacity for heat.

Case (a).—During a period of 1 hr., the current is passing
through the magnet coil for a known short interval of time,
and is then switched off for another known period, so that out of
a total of 60 min., the current flows through the coil during h
min. only; the temperature rise can then be caculated, as
previously explained, by making the assumption that the watts

2
to be dissipated are not W = I2R; but W; = : IES(;< L

This method cannot safely be used if the “on” and ‘‘off”
periods are long; but no general rule can be formulated in this
connection because the size of the magnet is an important
factor.

Case (b).—If used only at rare intervals of time, with long
periods allowed for cooling down, a magnet coil can be worked
at very high current densities. The temperature rise is then
determined solely by the specific heat of the copper, and its total
weight or volume.

The specific heat of a substance is the number of calories re-
quired to raise the temperature of 1 gram, 1°C. The specific
heat of water at ordinary temperatures being taken as unity,
that of copper is about 0.09. One calorie will raise 1 gram of
water 1°C.; and since 1 calorie is equivalent to 42 X 10° ergs
(or dyne-centimeters), it follows that, to raise 1 gram of copper
1°C. in 1 sec., work must be done at the rate of 0.09 X 42 X 10°
ergs per second. But 1 watt is the rate of doing work equal to
107 ergs per second; and 1 lb. = 453.6 grams; this leads to the
conclusion that the power to be expended to raise 1 1b. of copper
1°C. in 1 sec. is

0.09 X 42 X 10° X 453.6
107

A cubic inch of copper weighs 0.32 lb., and (171.5 X 0.32) or
55 watts will therefore raise the temperature of 1 cu. in. of copper
1°C. in 1 sec.—assuming no heat to be radiated or conducted
away from the surface of the coil.

In this manner it is possible to calculate how long an electro-
magnet for occasional use can be left in circuit without damage
to insulation. A temperature rise of 50° to 55°C. is generally
permissible in making calculations on the heat-capacity basis.

= 171.5 watts.




CHAPTER III
THE DESIGN OF ELECTROMAGNETS

13. Introductory.—The object of this chapter is partly to
summarize and coordinate what has already been discussed;
but mainly to familiarize the reader with the laws of the magnetic
circuit and the simple computations which will enable him to
proportion the iron cores and calculate the field windings of
electric generators. A little practice in the design of the simple
forms of lifting magnet, or magnetic brake, will be of the greatest
value in illustrating the practical application of the fundamental
principles underlying the design of all electromagnetic machinery.
The designer who wishes to specialize in lifting magnets, magnetic
clutches, and electromagnetic mechanisms generally, must pursue
his studies elsewhere: he is referred to other sources of information
such as Mgr. C. R. UnpErHILL'S book on electromagnets.
There are many matters of interest, such as the means of ob-
taining quick, or slow, action in magnets; equalizing the pull
over long distances; special features of alternating-current electro-
magnets; and the mechanical devices introduced to attain specific
ends, but none of these can receive adequate attention here.

In the design of electromagnets with movable armatures or
plungers, the work to be done is usually reckoned as the #nitial
or starting pull, in pounds, multiplied by the travel, in inches.
Many designs, of varying sizes and costs, can be made to comply
with the terms of a given specification, and the main object
of the designer should be to put forward the design of lowest
cost which will fulfil the conditions satisfactorily. It is not
proposed to devote much space, either here or elsewhere, to the
detailed discussion of the commercial aspects of design; but it
is well to emphasize the fact that a designer who does not con-
stantly bear in mind the factors of first cost and cost of upkeep,
is of little or no value to the manufacturer. In the design of
electromagnets, especially of the larger sizes, the material

1“Solenoids, Electromagnets and Electromagnetic Windings:’’ D. VaN

NostranD Co.
48
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cost is the main item, and the total cost of iron and copper is
a good guide to the cost of the finished magnet, when it is
desired merely to compare alternative designs based on a given
specification.

It is an easy matter to estimate the volume and weight of
materials in so simple a design as a lifting magnet, and although
formulas can be developed which aim to give the proportions
and sizes for the most economical design, these are usually of
doubtful value, and it is generally simpler to apply a little
common sense and the engineering judgment which will come
with practice, and try two or three designs with different pro-
portions before selecting the one that seems most suitable in all
respects, not omitting the important item of initial cost.

14, Short-stroke Tractive Magnet.—With a design of plunger
magnet as shown in Fig, 18, there is not much magnetic leakage, |
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F1a. 18.—Plunger or iron clad magnet.

because the travel of the plunger, or length of air gap, is small in
comparison with the area of the pole faces. Given a definite total
amdunt of flux to produce the required pull, the cross-section of

the various parts of the magnetic circuit is readily calculated.
4
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Various proportions can be tried, also different values of the
magnetic density in the air gap. The pull per square inch de-
pends upon B?; but, by forcing the density up to high values, the
ampere-turns required become excessive, and the weight and cost
of the copper coils, prohibitive. More will be learned by trying
various proportions and roughly estimating the cost, than by a
lengthy discussion of the manner in which the various dimensions
are dependent upon each other. It will probably be found that
the most economical initial density will not exceed 11,000
gausses; and (by formula 16, Art. 8) the pull, in pounds per
square inch, is

(11,000)®
1,730,000 ~ "0 Ib-
thus, with the usual cylindrical core,
4 x D?
total force, in pounds = F = 70 o
= 55D2
whence 1
D = 0.135 \/F J (31)

The magnet can now be sketched approximately to scale, and the
necessary ampere-turns computed, all as previously explained in
Art. 4. Although Fig. 18 shows a very short air gap, the same
methods apply to the calculation of magnets with longer air gap,
provided this is not so great as to cause excessive magnetic
leakage. A practical rule which determines the minimum length
of the winding space is that this length, A, should never be less
than twice the air-gap length, .

15. Magnetic Clutch.—The design of a magnetic clutch to
transmit power between a shaft and pulley or any piece of rotat-
ing machinery, is generally similar to that of the circular type
of lifting magnet. Fig. 19 shows a common type of magnetic
clutch with conical bearing surfaces, although the conical shape
is not essential, and the wedge action of the cone-shaped rings is
not relied upon to increase the pressure between the surfaces in
contact. When the two iron surfaces are held together by the
action of the exciting coil, the flux density over the area between
the two annular pole faces must be such as to produce a force
that will prevent slipping between these faces. A factor of
safety of 2.5 to 3 is generally allowed.
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Let B = mean radius, in feet.
A = area of all North, or of all South, polar surfaces in
contact (square inches).
P = pressure in pounds per square inch of contact surface.
N = revolutions per minute.
¢ = coefficient of friction, the meaning of which is that
¢ X PA is the tangential force which will just produce

slipping.

then
_PAXc¢cX2rR XN

e 33,000

(32)

F1g. 19.—Magnetic clutch.

which gives the horsepower that the clutch will transmit just

before slipping occurs. If k is the safety factor, and (hp.) is

the horsepower which has to be transmitted, the value of hp.

to insert in formula (32) should be (hp.) X k. Note also that
2

i 1,730,000’ and different values of B can be tried; these
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values should be fairly high, but they will depend upon whether
the magnetic. circuit is of cast iron or steel. The unknown
quantities are then R and 4, and equation (32) can be put in the
form
33,000 X (hp.) X k& X 1,730,000
27r.N) cB?

91 X108 X (hp.) X &k

| NcB? @3
where B is in gausses, and the coefficient of friction, ¢ (for dry
surfaces), may be taken from the accompanying table. If the
surfaces are lubricated with oil or grease, the friction coefficient
may be lowered as much as 40 per cent. One reason for using a
large factor of safety is to allow for the possibility of dirt or oil
getting between the surfaces in contact.

RXA-=

TaBLE GIVING APPROXIMATE VALUES OF THE COEFFICIENT OF FRICTION, ¢

Pressure, lb.| Wrought iron on| Wrought iron on

' { 1 Cast iron on cast
per 8q. in. wrought iron cast iron

Cast iron on steel ion

50 0.151 0.182 0.188 0.113
100 0.187 0.222 '0.237 0.140
150 0.217 0.254 0.275 0.165
200 0.259 0.280 0.304 0.190

The formula (33) permits of either quantity R or A being
calculated when one of them is known or assumed. It is the
business of the designer to determine—usually by trial—the
dimensions which will give the best results. So far as cost is
concerned, a large diameter may show a saving in materials; but
the labor cost—not omitting the cost of patterns when but few
castings are required—should also be considered.

At times when slipping occurs, as in a magnetic brake, or
when throwing in a magnetic clutch while there is some relative:
movement between the two parts, there is a powerful retarding,
or driving, action as the case may be, due not to the direct"
magnetic pull between the surfaces in contact, but to the fact that
eddy currents are produced in the polar faces on account of
the cutting of the magnetic lines. This cutting of flux is similar
to what oceurs in the unipolar, or so-called homopolar, type of
D.C. generator, where the currents are confined to certain paths
and collected by means of sliding brushes.
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NUMERICAL EXAMPLES

16. Horseshoe Lifting Magnet.—Assume the specified condi-
tions to be as follows:

Initial pull = 200 lb.

Travel of armature (being the length of the single air gap) =
0.35 in.

D.C. voltage = 110.

Allowable temperature rise = 40°C.

e —9" -~ -—d--

»
| YN | 1 <la=Y%
L = X

M)
e
= / \ 1\l,,=o.a§’

Pole Face 2"Square.
F1a. 20.—Horseshoe magnet.

The temperature to be taken on the outside surface of the
exciting coils, after a sufficient time has elapsed for the final tem--
perature to be reached.

The required magnet might be generally as shown in Fig. 20,
where the iron limbs are of circular section with square pole pieces.
These limbs may be steel castings, or they can be turned down
from square bar iron. Cast iron would not be a suitable material,
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because the large cross-section necessary to keep the flux density
within reasonable limits would lead to an unnecessary and
wasteful increase in the weight of the copper coils. °
Applying formula (16) of Art. 8, page 29, the pull, expressed
in terms of the air-gap density is
P 2AB?
1,730,000

where B is in gausses, and 4 is the area of one polar face, expressed
in square inches. Thus,

Ib.

- 2uw?B?
200 = 130,000
whence,
13,15
w = 7‘9 (34)

This relation between size of pole face and the air-gap density
must exist if the pull of 200 lb. is to be obtained, but the density B
can be varied within wide limits. It is obvious that high values
of B are advantageous in so far as they reduce the weight and
cost of the iron in the magnet; but since the initial air-gap length
remains constant, the necessary ampere-turns will increase
almost in direct proportion to any increase of B. The economical
value of the flux density, B, cannot be immediately determined;
and although formulas for minimum cost can be developed, they
become unwieldy and unpractical when all the important
factors are taken into account. On the other hand, if all deter-
mining factors—including such items as cooling surfaces and
magnetic leakage—are not taken into consideration, the formulas
are very inaccurate and not of general application. It is very
interesting to develop approximate formulas for use in arriving at
the economical dimensions of any particular type of electro-
magnetic apparatus, and the reader may learn much by trying
to put the various, and frequently conflicting, requirements in the
form of a mathematical equation; but we shall follow here the
method adopted by a large number of experienced designers,
“which consists in trying what seems a probably value for one of
the unknowns, and then checking results by assuming a larger
and a smaller value for the unknown quantity.

Since very low values of B will lead to great weight of iron,
and very high values will lead to an increased weight of copper,
it is safe to assume that B will not be less than 5,000 or more than
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10,000 gausses. We shall select the value of 7,000 for a trial
design, and carry this through to completion, although it would
usually be preferable to carry at least three designs through to
the point where it becomes clear that one of these is distinctly
preferable to the others from the point of view of economy; this
being the main consideration which the designer must always bear
in mind.

Putting for B, in formula (34), the value 7,000 gausses, the side
w of the (square) pole shoe is found to be 1.88 in. Let us make
this 2 in.; whence B = B—’;—é(—) = 6,570. The thickness I; of the
pole shoe must be small in order to keep down the magnetic
leakage; a value of 14 in. for I, should be satisfactory.

The diameter, d, of the magnet cores under the winding is
obtained by assuming a leakage factor and a suitable flux density
in the iron. The leakage factor (refer Art. 7, page 28, for defi-
nition) might be about 1.5 in a magnet of this type and size; and
the density in the core of magnet steel or wrought iron, may be

as high as 90,000 lines per square inch. Thus;
T 1.5 X 4 X 6,570 X 6.45
4 90,000
whence d = 1.9 or (say) d = 1.875 in.
Summing up the quantities so far determined, we have:

w = 2in.

I = }ﬁ in.
d = 1% in.

B (air-gap density) = 6,570 gausses.
& (useful or effective flux per pole) = 6,570 X 6.45 X 2 X 2
= 170,000 maxwells.

Depth of Winding.—The length [ of the winding space, and the
thickness of winding, ¢, will depend upon the ampere-turns neces-
sary to produce the desired flux density in the air-gap, and also
upon the allowable current density, A, in the copper of the
exciting coils. The relation of ! to ¢ is not determined by the
amount of the ampere-turns, since this only calls for a sufficient
cross-section, or product I X t. The thickness ¢ should not exceed
3 in., because a greater thickness may lead to excessive tem-
peratures inside the coil; but the most suitable dimensions of the
coil are really determined by the current density, the winding
space factor, and the cooling surface necessary to prevent
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excessive temperature rise. It is usual to assume a value for the
thickness, ¢, greater than one-third of the diameter of the core,
with the previously mentioned limit of about 3 in. Thus, even
if d were greater than 9 in., the depth of winding should, prefer-
ably, not exceed 3 in. In the present case we shall try a small
value of coil thickness of about 1.875 <+ 3 = 0.625 in. or, say,
t = 34 in. ’

Current Density in Windings.—If a suitable value for the
current density in the windings can be chosen, it will be an easy
matter to determine the length, I, of the winding space, and so
complete the preliminary design.

Let A = the current density (amperes per square inch).
R’ = the resistance, in ohms, between opposite faces of an
inch cube of copper. By formula (21) of Art. 9,

1
7R Gt 8= TE o
R" = 1,273,000 at 60°C.,

sf = the winding space factor, as given in Fig. 15, page 40.
As the size of wire is not yet known, a probable value
of 0.5 will be chosen for this factor, in the preliminary
calculations. :

T = The allowable temperature rise, being 40°C. in this
example.

k = the cooling coefficient, being defined in Art. 11 form-

cooling surface
ula (30), as T X Watts to bo dissipated

value of 180 may be taken for k.

Equating the I?R losses with the watts that can be dissipated
without exceeding the temperature limit, we can write,

An average

total surface of eoil X % = watts to be dissipated
%
= R"A? X cubie inches of copper X 6’%
or .
T l2n(d+ ) X 2 + 4tx(d + )] = B"A* X 2ir(d + 1) X f X g

whence

2T(1+ 1) X 60

KE'IE X f X h w5
In order to eliminate I, we may consider ¢ in the numerator to

be negligible, since, in this particular design, with an air gap of

A=

1 Where k has the same meaning as on p. 47, being less than 60 if heating
is intermittent.
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considerable reluctance, ¢ will be small in comparison with I
The approximate value of A will then be,

2T X 60 |
A (approx) =\ o5 S

_ [2X40 X 1,273,000
180 X 1 X 0.75 X 0.5
= (say) 1,250

Length of Winding Space.—The ampere-turns required for the
double air-gap only, 7.e., not including those required to overcome
the reluctance of the iron portions of the magnetic circuit, will be,
by formula (5) of Art. 4,

(SI), = 2.02B X 2I,
= 2.02 X 6,570 X 2 X 0.35
= 9,300.

The ampere-turns for the iron part of the magnetic circuit cannot
be caleulated accurately until the length ! and the actual leakage
factor have been determined; but, since the air-gap, in this case,
offers far more reluctance than the remaining portions of the
magnetic circuit, we shall assume the iron portions to require
only one-tenth of the air-gap ampere-turns. Thus,

total SI (both spools) = 10,230 approx.

We are now able to solve for the length of the winding space,
which is ;
_ NI total
VBRTR e
\4 10,230
©2X0.75 X 1,250 X 0.5
= 10.9 or (say) 11 in.

Before proceeding further with the design, it will be well to see
whether the long magnet limbs will not be the cause of too great a
leakage flux. If the leakage factor is much in excess of the
assumed value (1.5) there is danger of saturating the cores under
the windings, and so limiting the useful flux available for drawing
up the armature Let the distance between the windings be 2in.,
as indicated on Fig. 20; this gives all necessary dimensions for
calculating the permeance of the leakage paths.

Calculation of Leakage Fluz.—The total leakage flux between
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the two magnet limbs should be considered as made up of two
parts:

(a) The flux leakage from pole shoe to pole shoe, which is due
to the total m.m.f., available for the air gap.

(b) The flux leakage between the circular cores under the
windings, which increases in density from the yoke to the pole
pieces and is equal to the average m.m.f. X the permeance of the
air paths between the two iron cylinders. This average m.m.f.
will be approximately one-half the total m.m.f. of the exciting
coils.

For the permeance of the paths comprised under (a), we have:

1. Between opposing rectangular faces,

Haten 6.45 X 2 X 0.25
17 254 X337

2. Between the two pairs of faces parallel to the plane of the

paper (Fig. 20), by formula (10) Art. 5,

= 0.376

i l 7wt -+ s
Pz = 2;10g€( & )
0.25 X 2.54 T X 2 + 3.375
=25 TR X 2.3 logioe (—T?T)
= 0.425.

Neglecting the flux lines that may leak out from the pole faces
farthest removed from each other, and also those between the
small ledges caused by the change from square pole piece to
circular section under the coil, the total leakage flux between pole
pieces is
p»= m.m.f. X (P14 Py)
= 0.4r X 9,300 X 0.801
= 9,350 maxwells.

The permeance of the air paths comprised under (b) may be
calculated by applying formula (13) of Art. 5. Thus,

s 1"g“’<3.5 +1.875— v/ (35) +(2 X 3.5 X 1.875)>
The leakage flux between magnet cores under the windings is,
A= m.r;.f. % P,
_ 0dr ><210,230 51

330,000 maxwells
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and the total leakage flux is
&, = 9,350 4 330,000 = 339,350 maxwells.

The leakage factor is

170,000 + 339850 _ g (o
170,000 pp

which is greatly in excess of the permissible value, unless the
cross-section of the core under the windings is increased to keep
the flux density within reasonable limits. The simplest way to
reduce the amount of the leakage flux is to shorten the magnet
limbs, and although the long limbs with no great depth of winding
may lead to economy of copper, it is seen to be necessary in this °
design to increase the depth of winding, ¢, in order to reduce the
length, I, of the exciting coils. The dimension ¢ will have to be
more than doubled. Let us make this 134 in. and at the same
time retain the full section of 2 in. square under the windings;
that is to say, the square section bar will be carried up through the
coils without being turned down to a smaller section as in the trial
design.

Using formula (36)! to calculate the current density, we have,

80 X 1,273,000

A =+180%x1.75 x 05
= (say) 800
whence
e 10,230
2X175X800><05
=173

Letus try I = 7 in.

Allowing still a separation of 2 in. between the outside surfaces
of the windings, the distance between the two parallel magnet
cores of square section will now be 5.5. in. The permeance

between the opposite faces is
7.25 X 2 X 6.45

e NS 2B ind

and between the sides of the magnet cores (by formula 10, page

25)
7.25 X 2.54

. \ 5
Py = 2 X =25 X 2.3 logu (’M

5.5 ) il

1 This formula and also the correct formula (35) are applicable to rec-
tangular as well as to circular coils.
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The total leakage flux will be approximately

g 0.4r X 10,230 X (6.7 + 8.9)

= 100, OOO maxwells.

This calculated value of the leakage flux should be shghtly
increased because the total permeance between the two magnet
limbs will actually be greater than as calculated by the con-
ventional formulas. Let us assume the total flux to be 125,000
maxwells. This makes the value of the leakage factor.

If = 170,000 + 125,000
170,000
The maximum value of the density in the iron cores will be
170,000 + 125,000
4

= 1.73

= 73,600 lines per square inch.

Closer Estimate of Exciting Ampere Turns.—The modified
magnet will now be generally as shown in Fig. 21. The ampere
turns required to overcome the reluctance of the two air gaps
have already been calculated; the remaining parts of the mag-
netic circuit consist of the two magnet limbs under the windings,
together with the yoke and the armature. If we know the
amount of the flux through the iron portions of the circuit we can
readily calculate the flux density, and then ascertain the neces-
sary m.m.f. to produce this density, by referring to the B-H
curves of the material used in the magnet.

In the magnet cores under the coils, the flux density varies
from a minimum value near the poles to a maximum value near
the yoke; and as the leakage flux is not uniformly distributed
over the length I, (Fig. 21), it would not be correct to base re- .
luctance calculations upon the arithmetical average of the two
extreme densities, even if the flux density were below the ‘“knee”
of the B-H curve, with the permeability, u, approximately
constant. With high values of B, the length of the magnetic
core should be divided into a number of sections, and each section
treated separately in calculating the required ampere-turns.
With comparatively low densities, as in this example, the
calculation can be made on the assumption of an average density
in the magnet cores, the value of which is

B, _»2B + B,
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where B, = flux density at end near yoke,

and B, = flux density at end near pole pieces.
The total ampere-turns for the magnet of Fig. 21 can now be

calculated by using the B-H curve of Fig. 3 which is supposed to

apply to the particular quality of magnet steel or iron which it

is proposed to use. The calculation can conveniently be put in

tabular form as shown below.

Fia. 21.—Horseshoe magnet.

(Modified design.)

61

Cross- Density,
X0 Length, > Total flux, | i SI
Fartofcireuit | iocheq' | section | “obwells | Jines pet| "ol | STy
inc.
Airgaps........... 0.7 4.0 170,000 | 42,500 3 9,300
Armature.......... 8.3 2.5 170,000 | 68,000 9.0 75
Magnet cores....... 14.5 4.0 253,000 | 63,200 72S 110
Yokes A lzar ..| 12.0 4.0 295,000 | 73,600 9.5 115
4 [on ) ek AT =T (A e e L & st by AT R e ...| 9,600

Thus, it is necessary to have not less than 9,600 ampere-turns
on the two bobbins. :
Calculation of Windings.—The formula (26) of Art. 10 can be

written,

(m) =

mean length of turn (inches) X SI

E
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The mean length of turn is approximately 4(w + £), or 4 X
3.75 = 15 in.; and the potential difference across the two coils
is 110 volts; thus, 1\
15 X 9,600
(m) = ——1—10—— == 1,310

Referring to the wire table on page 34, the wire of cross-section
nearest to the required value is No. 18 B. & S. gage, because
No. 19 will be too small to provide the necessary excitation.
This larger wire will provide a factor of safety, and it may be used
if the watts lost and the temperature rise are not excessive.

Calculation of Temperature Rise—The space factor for No.
18 B.& S. D.C.C. wire, as taken off the curve of Fig. 15, is 0.54.
The cross-section of the copper in the coil is therefore 7 X
1.75 X 0.54 = 6.62, and.the number of turns per coil will be
6.62/0.001276 = 5,180. Other required values are:

Length of wire in one coil = 5,180 X i—g = 6,500 ft.
Resistance at 60°C. = 6.5 X 7.42 = 48.2 ohms.

55
Current = 182 = 1.14 amp.

Total I2R loss = 1.14 X 110 = 125 watts.

Outer surface of both coils = 2 X 7 X 4X55 =308
Inner surface of both coils =2 X 7 X4 X2 =Rl2
End surfaces of both coils = 4 X 1.75 X 4 X 3.75 = 105

Total cooling surfaces ) 1L ol oo s nnlal o S m i, = 5258q. in.

The rise of temperature, by formula (30) Art. 11 taking
k = 180, is
125

T =180 XB'QE 43°C.

which is only slightly in excess of the specified temperature rise
(40°C.). Another layer or two of winding would bring the
temperature down to the required limit; or, if preferred, the
length of the coil may be increased by a small amount without
appreciably adding to the reluctance of the magnetic circuit.
It should be mentioned that the design of magnet as shown in
Fig. 21, is probably larger than would be necessary to fulfil
practical requirements, because it is not likely that the full
pressure of 110 volts would be maintained across the terminals



THE DESIGN OF ELECTROMAGNETS 63

for many hours. The magnet would be designed either for inter-
mittent operation, in which case the temperature rise might be
calculated as in Case (a) of Art. 12, page 47, or, if left con-
tinuously in circuit, a resistance would automatically be thrown
in series with the coil windings in order to reduce the I?R loss
and effect a saving of copper while still maintaining the required
pull of 200 1b. through the reduced air gap.

Factor of Safety.—Seeing that the coils are actually wound with
a wire of greater cross-section than the calculated value, the
initial pull will be somewhat greater than the specified 200 1b.
The actual ampere-turns are 5,180 X 2 X 1.14 = 11,800, and
since the density in the iron is not carried above the “knee”

of the B-H curve, the actual flux density in the air gap, instead

of being 6,570 gausses, will be approximately 6,570 X 1916?)%0 =

8,070 or (say) 8,000 gausses. The initial pull will actually be
2
200 X gg:g—gg;z = 300 lb. nearly. This factor of safety of 1.5
may seem excessive, and if the strictest economy of material is
necessary, the coils should be wound with a wire of the calcu-
lated size, or, if standard gage numbers must be used, as would
generally be the case, the mean length of turn may be modified by
providing a greater or smaller depth of winding space. As an
alternative, two sizes of wire may be used as explained in Art. 10.

Most Economical Design.—The cost of materials is easily
estimated by calculating the weight of iron and copper sepa-
rately. For the purpose of comparing alternative designs, it
is usual to take the cost of copper as five times that of the iron
parts of the magnet. If actual costs are required, the figures
would be about 20c. per pound for copper wire, and 4c. per
pound for the magnet iron.

The reader will recollect that this design has been worked
through on the assumption that about 6,500 gausses would be a
suitable density in the air gap. If many magnets are to be made
to the one design, or in any case if the magnet is large and costly,
the designer should now try alternative designs, using air-gap
densities of (say) 4,000 and 8,000 gausses respectively. By com-
paring the three designs, all of which will comply with the terms
of the specification, he will be able to select the one which can
be constructed at the least cost. This method of working may
seem slow and tedious, but it is sure, and—if actually tried—
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will be found to involve less time and labor than might be
supposed. The student following the courses at an engineering
college does not—unless he has had outside experience—ap-
preciate the value of his time. Time may be used, abused, or
wasted; and when a concrete and definite piece of work has to
be done, the time spent upon it, not only by the workman, but
also by the designer, mdy be of no less, or even of greater, im-
portance than the cost of the materials. The case in point
exemplifies this. If the required magnets are small, and but
two or three are likely to be wanted, the designer should not
spend much time on refinements of calculation and in endeavor-
ing to reduce the cost of manufacture to the lowest limit; but if
the magnets are of large size and several hundred will be re-
quired, then time spent by the designer in comparing alternative
designs and in striving to reduce material and labor cost, would
be amply justified. These considerations and conclusions may,
to many, appear elementary and obvious; but they emphasize
the importance of what is generally understood by “engineering
judgment’ which is rarely acquired or rightly valued until after
the student has left school.

Before taking up the design of another form of magnet, it
may be well to state that the method of procedure here followed
in the case of a horseshoe magnet is not put forward as being
" necessarily the best, or such as would generally be adopted by
an experienced designer. It serves to illustrate much that has
‘gone before, and emphasizes the fact that, even if the designer
must make some assumptions and do a certain amount of guess-
work at the beginning, and during the course, of his design, he
can always check his results when the work is completed, and
satisfy himself that his design complies with all the terms of the
specification. '

17. Circular Lifting Magnet.—The electromagnet of which
Fig. 22 is a sectional view is circular in form. Its function is to
lift a ball of steel weighing, say, 4,000 Ib., which, on the opening
of the electric circuit, will fall upon a heap of scrap iron. This
device is referred to colloquially as a ‘“‘skull cracker.” The
diameter of a solid steel sphere weighing 4,000 lb. is approxi-
mately 30 in. If the outer cylindrical shell—forming one of the
poles of the magnet—has an average diameter of 21 in., it will
include an angle of 90 degrees, as indicated in Fig. 22, and lead
to a design of reasonable dimensions. If the required width of
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the annular surface forming the outer pole of the magnet should
be less than 1 in., it might be necessary, for mechanical reasons,
. to reduce the diameter in order to obtain a practical design.
The total pull required is 4,000 lb., or 2,000 1b. per pole. The
pull per square inch of polar surface is, by formula (16) page 29.
] B?

Pounds per square inch = 1,730,000

whence the area of each pole face is
2,000 X 1,730,000
B? .

If B"= 6,000 gausses, 4. = 96 sq. in.; and if B = 8,000 gausses,
A = 54 sq. in. Either of these flux densities would probably

A=

Steel Castmg

Magnetising Coll

FON

\\

Retaining Plate
of (Non-magnetic)
Manganese Steel,
with Stiffening
Ribs

Fra. 22.—Circular lifting magnet. ‘

be suitable for a magnet of the type considered. Assuming a
minimum width of 1 in. for the pole face on the outer shell, we
have,

1 X7 X21
= 66 sq. in.

Area of outer ring

which would provide the required pull if B = 7,240 gausses.
5
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Let us therefore decide upon this dimension. The diameter
of the inner core is obtained from the equation

™
7 D? = 66

whence D = 9.16 in. It will be better to provide a 2-in. hole
through the center of the magnet, and have a conical face to the
core, as shown in sketch. The diameter of the central pole core
may be 10 in., and the edges can be slightly bevelled off so that
the polar surface shall not exceed 66 sq. in.

In order to introduce a factor of safety, and permit of the iron
ball being lifted even when the contact between magnet and
armature is imperfect, the specification would probably call for
a magnet powerful enough to attract the ball through a distance
of, say, 14 in. Let us further assume that, the action being
intermittent, the current will flow through the exciting coil dur-
ing only half the time that the magnet is in action. This will
probably permit the use of a current density of 1,000 amp. per
square inch of copper section. Thus, if the winding space factor
may be taken as 0.5, it will be necessary to provide 2 sq. in. of
cross-section of coil for every 1,000 ampere-turns of excitation
required.

The ampere-turns necessary to overcome the reluctance of the
double air gap are

LS =52102B XS

2.02 X 7,240 X 14

= (say) 8,000, which includes a small
allowance for the reluctance of the iron in the circuit. The
required section of coil is therefore about 16 sq. in. One of the
dimensions should, if possible, be kept within the limit of 3 in.
in order to avoid excessive internal temperatures. A cross-
section of 5 in. by 3 in. = 15 sq. in. will probably be large enough
to accomodate the winding.

The average length per turn of wire is #(10 4 5) = 47.2 in.,
and (by formula 26, Art. 10, page 42) the cross-section of
the wire, in circular mils, will be

= 47.2 X 8,000
E
where E is the voltage across the terminals of the magnet.
Assuming this to be 120 volts, the value of (m) will be 3,140.

! Art. 4, formula (5).

I
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Referring to the wire table on page 34, the calculated size is seen
to be only slightly less than the cross-section of No. 15, B. & S.
gage. Using this wire, and allowing !¢ in. for insulation be-
tween the iron and the coil, there will be about 68 layers of 41
turns, making a total of, say, 2,800 turns in the coil. The length
of wire will therefore be 2,800 X 47.2 <+ 12 = 11,000 ft., and
the resistance hot, i.e., at a temperature of 60°C., will be 3.702
X 11 = 40.6 ohms. The current = 120/40.6 = 2.95 amp. and
the actual ampere-turns = 2.95 X 2,800 = 8,260.

Rise of Temperature—The watts lost in the field when the
current is flowing are EI = 120 X 2.95 = 354; but since the
current is supposed to be passing through the windings during
only one-half the time that the magnet is in operation, we can
apply the rule referred to in Art. 12, and assume that the power to
be dissipated amounts to only 354/2 = 177 watts. The total
surface of the coil is 47.2(10 + 6) = 755 sq. in., and if we use the
average value of 180 for the heating coefficient k, as suggested
in Art. 11 page 46, the temperature rise will be

177 o
T=180X7—53=42.2C.

above the temperature of the air. This figure is a safe one, and,
since the iron shell offers a large cooling surface in contact with
the air, it is probable that the value of the coefficient % in this
particular design might be about 150. The temperature of
the windings will therefore not be excessive, and the amount of
copper might even be slightly reduced if the greatest economy in
manufacturing cost is to be attained. Exact data for the cal-
culation of temperatures in coils entirely surounded by iron are
not available, because the thickness and radiating surface of
the external shell are factors which will have an appreciable
influence on the value of the heating coefficient.

Calculation of Leakage Flux.—In order to provide sufficient
cross-section in the magnet, and ensure that the flux density in
the iron shall not be carried too near the saturation limit, it is
necessary to estimate the amount of the leakage flux. :

The permeance of the leakage paths may be calculated by
considering two separate components of the leakage flux: (1)
the flux which passes between the core and the cylindrical shell
through the space occupied by the windings, and (2) the flux
which passes between the uncovered portions of the central core
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and the outer shell. Referring to Fig. 22, upon which the
approximate dimensions of the leakage paths have been marked,
the numerical, values of the two permeances are seen to be,
approximately,

' for the path (1), P, = 8 X r(;0X+25g4X e 72

2 X 7(10 4 5) X 6.45
5.5 X 2.54

for path (2), P, =

= 43.5

The flux through path (1) is
m.m.f.
2
047 X 8,260

e X 72

= 374,000
and the flux through path (2) is,
®, = m.m.f. X P,
= 0.4 = X 8,260 X 43.5
= 450,000

The total leakage flux is &, + ®, = 824,000 maxwells. The
useful flux is 66 X 6.45 X 7,240 = 3,080,000 maxwells, and the
leakage factor is

3,080,000 + 824,000
3,080,000

The flux density in the cylindrical outer shell, near the yoke,
will be 7,240 X 1.27 = 9,200 gausses, and this will also be the
density in the central pole if the cross-section is the same, but a
higher density would be permissible. The section at every part
of the magnetic circuit can be calculated on the basis of an
assumed density. Asan instance, if it is desired to have a density
of 11,000 gausses in the yoke at the section A B, the thickness of
the casting at this point, as indicated by the length of the line
AB, would be obtained from the equation

3,080,000 X 1.27
AB X7 X10 X 645

¢, = X P,

= 1.27

11,000 =

whence AB = 134 in.
In this manner the magnetic circuit may be proportioned.
The path of the magnetic flux is indicated by the dotted lines in
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Fig. 22, and since the cross-section and length of each part of the
magnetic circuit are now known, the component of the total
ampere-turns necessary to overcome the reluctance of the iron
or steel casting can be calculated in the usual way. The re-
luctance of the steel sphere which constitutes the armature
would be considered negligible in these calculations.

In a well-designed magnet of this type, the reluctance of the
iron portions of the circuit is but a small percentage of the air-
gap reluctance, unless the specified air gap is very small. When
the armature is in contact with the pole faces, the total flux will
be greater than the amount necessary to produce the required
initial pull. It is interesting and instructive to calculate the
pull between magnet and armature when the air gap is practically
negligible. The limit is reached when all the exciting ampere-
turns are required to overcome the reluctance of the iron, and
the calculation has to be made by assuming probable values of the
flux density, and then calculating the loss of magnetic potential
across each portion of the circuit.

With reference to the important matter of cost; air-gap den-
sities other than the assumed density of 7,240 gausses may be
~ tried with a view to obtaining the design of lowest first cost. A
saving in copper may be effected by allowing the temperature
rise to approach as nearly as possible the specified limit; but in
this as in all economical designs of apparatus in which a saving
in first cost is accompanied by a loss of efficiency in working, the
interests of the user demand that proper attention be paid to the
cost of operation (in this case of the I2R losses) when considering
the expediency of lowering the manufacturing cost by econo-
mizing in materials.



CHAPTER IV

DYNAMO DESIGN—FUNDAMENTAL CONSIDERATIONS.
BRIEF OUTLINE OF PROBLEM

18. Generation of E.m.f.—It has been shown in previous
chapters how the strength and amount of the magnetic field
produced by an electric current may be calculated, and the next
step in the development of the dynamo is to consider how the
desired terminal voltage may be obtained by causing the armature
conductors to cut the magnetic flux which erosses the air gap from
pole to armature core.

The D.C. motor is merely a dynamo of which the action has
been reversed; that is to say, instead of providing mechanical
energy to drive the armature conductors through the magnetic
field, an electric current from an outside source is sent through
the armature winding which, by revolving in the magnetic field,
converts electrical energy into mechanical energy. In the design
of a D.C. motor, the procedure is exactly the same as for a D.C.
generator, and in the following pages the dynamo will be thought
of mainly as a generator.

Consider a flat coil of insulated wire of resistance R ohms,
consisting of S turns enclosing an area of A square centimeters.
Let this coil be thrust into, or withdrawn from, a magnetic
field of density B gausses, the direction of which is normal to the
plane of the coil. The quantity of electricity which will be set
in motion is expressed by the formula

a relation that can be proved experimentally.
But Q=Imxt=%"><t
where t = the time required to enclose or withdraw the flux

(2 = BA),
I, = the average value of the current in the coil during
this period, and
En = the average value of the e.m.f. causing the flow of
electricity.
70
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Hence 7 = (BA) X 8
ATy ¢

where all quantities are expressed in absolute C.G.S. units. If
we put @ for the flux (BA) in maxwells, and express the e.m.f.
in the practical system of units, we have
En = %% volts 37)

For the condition 8 = unity, this formula is clearly seen to
express the well-known relation between rate of change of flux
and resulting e.m.f., namely that one hundred million mazwells
cut per second generate one volf. This is the fundamental law upon
which all quantitative work in dynamo design is based. The
procedure for obtaining a given amount of flux was explained
in previous chapters, and we now see that the voltage of any
dynamo-electric generator may be calculated by applying formula
(87). For the rest, the electrical part of the designer’s work
consists in providing a sufficient cross-section of copper to carry
the required current, and a sufficient cross-section of iron to carry
the required flux, in order that the machine shall not heat ab-
normally under working conditions. There are other matters of
importance such as regulation, efficiency, economy of material,
and—in D.C. machines—commutation, which require careful
study; but it is hardly an exaggeration to say that—apart from
mechanical considerations, which are not dealt with in this book
—the work of the designer of electrical machinery is based on two
fundamental laws: (1) the law of the magnetic circuit, namely,
that the fluxis equal to the ratio of magnetomotive force to reluc-
tance, and (2) the law of the generation of an e.m.f., namely, that
one hundred million lines cut per second generate one volt.

At any particular moment it is the rate of change of the flux in
the circuit that determines the instantaneous value of the
voltage, or, in symbols,

Ll R s d®
instantaneous volts in circuit of one turn = — T X T078

where the negative sign is introduced because the developed
e.m.f. always tends to set up a current the magnetizing effect of
which opposes the change of flux.

Consider a dynamo with any number of poles p. Fig. 23
shows a four-pole machine with one face-conductor driven
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mechanically at a speed of N revolutions per minute through the
flux produced by the field poles. If & standsfor the amount of
flux entering or leaving the armature surface per pole, we may
write,

, _ . ®pN

volts generated per conductor = 10° % 60

It is not at present necessary to discuss the different methods of
winding armatures, but let there be a total of Z conductors
counted on the face of the armature. Then, if the connections
of the individual coils are so made that there are p; electrical
circuits in parallel in the armature, the generated volts will be

dpNZ

E=60><p1><108

(38)
This is the fundamental voltage equation for the dynamo; it
gives the average value of the e.m.f. developed in the armature

' conductors, and since the virtual and

N : average values are the same in the
case of continuous ecurrents, the
/* formula gives the' actual potential

difference as measured by a volt-
S O S  meter across the terminals when no
current is taken out of the armature.

Under loaded conditions, the e.m.f.
as calculated by formula (38) is the
N terminal voltage plus the internal IR
pressure drop.
’ The expression ‘“face conductors’
may be used to define the conductors the number of which is
represented by Z in the voltage formula. It is evident that this
number includes not only the top conductors, but also those that
may be buried in the armature slots. The word “inductor” is
sometimes used in the place of ‘“face conductor,” and where
either word is used in the following pages it must be under-
stood to refer to the so-called “active” conductor lying parallel
to the axis of rotation whether on a smooth core or slotted
armature. -
19. The Output Formula.—The part of the dynamo to be
designed first is the armature. - After the preliminary dimensions
of the armature have been' determined, it is a comparatively

Fia. 23.
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simple matter to design a field system to furnish the necessary
magnetic flux. The designer is usually given the following data:

Kw. output,
Terminal voltage,
Speed—revolutions per minute.

Sometimes the proper speed has to be determined by the de-
signer, as in getting out a line of stock sizes of some particular
type of machine; in that case he will be guided by the practice of
manufacturers and the safe limits of peripheral speed. Other
conditions such as temperature rise, pressure compounding,
sparkless commutation of current, may be imposed by specifica-
tions, but if the designer can evolve a formula which will give him
an approximate idea of the weight or volume of the armature,
this will be of great assistance to him in determining the leading
dimensions for a preliminary design. Modifications or correc-
tions can easily be made later, after all the influencing factors
have been studied in detail. Many forms of the output formula
are used by designers. The formula is based on certain broad
assumptions, and is used for obtaining approximate dimen-
sions only. Attempts to develop exact output formulas of
universal application should not be encouraged because it is not
possible to include all the influencing factors. The art of
designing will always demand individual skill and judgment,
which cannot be embodied in mathematical formulas.

In developing an output formula it is not necessary to enter into
details of the armature winding, provided the total number of
conductors, together with the current and e.m.f. in each, are
known.

Let ® = maxwells per pole.
p = number of poles.
N = revolutions per minute.
Z = total number of armature inductors.
E, = volts per conductor.
I. = amperes per conductor.

The output of the armature, expressed in watts, will be
W = ZE.I. . (39)
where I, should include the exciting current in the shunt coils

of the field winding; a refinement which need not, however,
enter in the preliminary work.
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The voltage per conductor is
dpN
60 X 108

where the unknown quantity ® may be expressed in terms of flux
density and armature dimensions. Thus

&p = 6.45B,lxDr (41)

where B, = average flux density in the air gap under the pole
face. (Gausses.)
l, = gross length of armature core, in inches.

D = diameter of armature core, in inches.
pole arc

pole pitch’

r = the ratio

It will be seen that the quantity I, X =Dr is the area in square
inches of the armature surface covered by the pole shoes; while
6.45B, is the flux in the air gap per square inch of polar surface.

The pole pitch is usually thought of as the distance from center
to center of pole measured on the armature surface; and the
ratio r is therefore a factor by which the total cylindrical surface
of the armature must be multiplied to obtain the area covered
by the pole shoes—the effect of ‘‘fringing’’ at the pole tips being
neglected.

Substituting for ®p in equation (40) its value as given by equa-
tion (41), and putting this value of E. in equation (39), we

have '
_ 6.45B,l,wDrNZI,

okipie 60 X 108

from which it is necessary to eliminate Z and I. if the formula
is to have any practical value.

A quantity which does not vary very much, whatever the
number of poles or diameter of armature, is the specific loading,
which is defined as the ampere-conductors per inch of armature
periphery. It will be represented by the symbol q. Thus

(42)

_ZI,
=D
whence
ZI, = gD
Substituting in equation (42), we have
_ (6.45 X 7? A
W= _(-———60 e 108) B,qrl.D*N (43)
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This is not an empirical formula since it is based on fundamental
scientific principles, and it is capable of giving valuable infor-
mation regarding the size of the armature core, provided the
quantities B,, ¢, and r, can be correctly determined.

The quantity B, will depend somewhat upon whether the
pole shoe is of cast iron or steel, also upon the flux density in the
armature teeth, which, in turn, depends upon the proportions
of the teeth and slots. If the flux density in the teeth is very
high, this may lead to (1) an excessive number of ampere-turns
on the field poles to overcome tooth reluctance, and (2) excessive
power loss in the teeth through hysteresis and eddy currents.

As a guide in selecting a suitable gap density for the preliminary
calculations, the accompanying table may be wused. The
column headed B, is the apparent air-gap density in gausses,
while B’/, is the same quantity expressed approximately in lines
per square inch.

APPROXIMATE VALUES OF APPARENT AIR-GAP DENSBITY

Output, kw. B, (gausses) B”4 (lines per 8q. in.)
10 6,300 41,000
20 7,000 45,000
30 7,300 ; 47,000
40 7,600 49,000
50 7,800 50,000
100 8,100 52,000
200 8,500 55,000
500 and larger 9,000 58,000

The expression ‘“apparent gap density’’ means that the flux is
supposed to be distributed uniformly over the face of the pole
and the effect of “fringing” is neglected. Thus

total flux per pole
area of pole face

g =

It is customary to think of this as the average density over the
armature surface covered by the pole face, in which case
. Y
la XtXr
where @, l,, and r, have the same meaning as in formula (41),

and 7 is the pole pitch or length of arc from center to center of
pole measured on the armature periphery. The lower values of

B, =
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B, corresponding to the smaller outputs are required because
the increased taper of the teeth with the smaller armature
diameters would lead to abnormally high densities at the root
of the teeth if the air-gap density were not reduced. The figures
given in the table are applicable to machines with pole shoes of
steel or wrought iron. If the pole shoes are of cast iron, these
values should be reduced about 20 per cent. Cast-iron pole
shoes are rarely used except in very small machines.

The quantity ¢ in formula (43) is determined in the first place
by the heating limits; but armature reaction and sparkless
commutation have some bearing upon its value. Suitable
values of specific loading for use in formula (43) may be taken
from the accompanying table.

APPROXIMATE VALUES OF ¢
(Ampere Conductors per Inch of Armature Periphery)

Kw. output q
10 320
20 : 370
30 400
40 430
50 450

100 500
200 550
400 630
600 ' 700
800 and upward 760 to 850

The quantity r in formula (43) usually has a value between 0.60

and 0.80, a common value being 0.70. When the machine is
pole arc i1

‘pole pltch
be small in order to make room for the interpole. In this
case the lower figure of 0.60 would probably be selected as a
suitable value for 7.

Approximate Constants for Use in Output Formula.—For a
first approximation, the output formula (43) may be simplified
by substituting average values for the quantities B,, ¢, and .
Thus, if B, = 7,500; ¢ = 500; and r = 0.7, the output formula
becomes

provided with commutatiﬁg interpoles the ratio.

l.D*N
kw. output = 36,000 (44)
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If the speed of rotation (N) is not specified, it is necessary
to make some assumptions regarding the peripheral velocity of
the armature. This velocity lies between 1,200 and 6 000
ft. per minute; the lower values corresponding to machines
of which the speed of rotation is low, while the higher values
would be applicable to belt-driven dynamos, or to direct-coupled
sets of which the prime mover is a high-speed engine or high-head
waterwheel. When the generator is coupled to a steam turbine,
the speed is always exceptionally high, and the surface velocity of
the armature may then attain 2 or 3 miles per minute. The
discussion of steam-turbine-driven generators, in so far as the
electrical problems differ from those of the lower-speed machines,
will be taken up in connection with alternator design.

The peripheral velocity in feet per minute is,

DN

P o= ——

12

whence _ 12
b xD

Inserting this value of N in formula (44) we get
l.Dv
9,400 (45

Relation of 1, to D.—The output equation (43) shows that there
is a definite relation between the volume of the armature and the
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